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I. INTRODUCTION

Electron transport parameters for gaseous mixtures containing electro-

negative gases in buffer gases were investigated in this research program.

Absolute electron attachment rate constants and cross sections of halogen

compounds were measured. Photodetachment cross sections of halogen negative

ions in discharge media were determined. Discharge current switching

induced by laser irradiation of discharge media was observed. These basic

data are obtained for the development of various gaseous discharge switches

and for the study of basic discharge phenomena as well. High repetition-

rate discharge switches, opening switches, and radiation or e-beam controll-

ed switches are needed for the development of high power lasers, fusion

experiments, magnetic energy storage systems, and particle beam experiments.

High pressure gaseous discharges could be used for the development of these

switches. The measured electron transport parameters are needed for deter-

mining the rise and decay times of discharge pulses, discharge stability,

discharge uniformity, and current density.

II. RESEARCH ACCOMPLISHED

A. Laser-Induced Switching of Discharge Current

Current switching induced by laser irradiation was observed in the

discharge media that contain halogen compounds (F2, HF, HCI, Cl2' HBr,

CH3Br, CH31, CH212 CH 3 C, CF2 C12 ) in the N2 buffer gas. It was observed

that discharge current increased following the irradiation of a discharge

medium by ArF or KrF laser pulses. The increased conduction current re-

covered to the DC level after 1-2 is duration. The current increase is

caused by the release of electrons from photodetachment of halogen negative

ions (F , Cl , Br and I ) in the discharge medium. The electron drift

velocity is usually higher than the drift velocity of a negative ion by a
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factor of 103-10 4; thus, the current switching induced by the release of

electrons from negative ions could increase by the same factor. The observ-

ed current switching induced by laser irradiation of discharge medium could

be applied for the design of high power discharge switches. The results for

the observation of current switching in the discharge media of CF2CI2-N 2 and

CH3 Cl-N 2 are described in more detail in a paper attached as Appendix A,

which has been published in the IEEE Transactions on Plasma Science.

B. Photodetachment Cross Sections of Negative Ions in Discharge Media

The photodetachment cross section is one of the key parameters that

determines the magnitude of the laser-induced current switching. The

photodetachment cross sections of F-, Cl-, Br and I were measured from the

increase of transient current induced by laser irradiation of the discharge

media. The measurements at the ArF (193 nm) and KrF (248 nm) excimer laser

wavelengths are described in detail in the paper attached as Appendix B,

which has been published in the Journal of Physics D: Applied Physics.

C. Electron Drift Velocity

The electron conduction current is proportional to the electron drift

velocity; therefore, this parameter is important for determining the magni-

tude of current switching. The electron drift velocity can be affected by

the composition of gas mixture. This effect was investigated by measuring

the electron drift velocity as a function of the concentration of CH 3Br in

Ar. The electron drift velocity increased dramatically when CH 3Br was added

to Ar. The results are described in more detail in the paper attached as

Appendix C, which has been published in the Journal of Applied Physics.

D. Electron Attachment Rate Constants

The electron attachment rate constant is one of the key parameter that

determines the production rates of negative ions and the pulse duration of
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current switching. The electron attachment rate constants of halogen

compounds such as HCI, HBr, BCl3' SOCI 2 ' CH3 Cl, CH 3Br, CF2 Cl2 C2 H 3Cl,

C 2H 5Cl, and C2 H 5Br were measured. The results were described in detail in

the papers attached as Appendices A, C, D, E, F, and G.

E. Electron Attachment Cross Sections

The measured electron attachment rate constants were converted into

electron attachment cross sections using the electron energy distribution

functions of pure Ar and N2 . The unfolded electron attachment cross sec-

tions are reported in Appendix D for HCl and Appendix F for CHC1,

SOCl 2CC2 F2 C2 H 3Cl, and C2 H 5Cl. The obtained data are consistent with the

published data measured by electron beam experiments.

F. Application of the Observed Data to the Design of Discharge Switches

The current switching and the basic data obtained in this program are

useful for the design of discharge switches. As an illustration for such

application, the discharge medium of trace HBr and CH3Br in Ar (or N2 ) is

taken as an example. Br could be totally photodetached by an ArF laser

pulse energy of 0.1 J/cm 2 as calculated from the photodetachment cross

section listed in Table I of Appendix B. At E/N = 1 Td (10"17 V cm 2), the

drift velocity of a negative ion in Ar is about 103 cm/s, and the electron

drift velocity is about 106 cm/s (see Appendix C). Thus, the transient

current due to laser-detachment of Br- could be 103 time more than the DC

discharge current. The recovery time for the transient pulse could be less

than i ps, if 0.3 torr of HBr is mixed in the discharge Medium. (The

electron attachment rate constant reported in Appendix C was used for the

calculation.) This example demonstrates that the gas mixture of trace HBr

and CH 3Br in Ar or N2 could be used for the switching of high electrical

energy.

(90925) 3



G. Analysis of Ion Species in Discharge Media

A mass spectrometer using a double differential pumping system was

constructed in this program for the analysis of transient species (positive

ions, negative ions, and radicals) in electrical discharge media. The

schematic diagram of the apparatus is shown in Fig. 1 of Appendix G. This

apparatus is being used to analyze the transient species in discharge media.
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Laser-Induced Current Switching Observed in the
Discharge Media of CF 2C12-N 2 and CH 3C1-N 2

W. C. WANG AND L. C. LEE, MEMBER, IEEE

Abstract-S% itchings of discharge current induced b% ArF and KrF 350-nm region as measured by a negative ion beam ex-
laser pulses in the discharge media of CF 2 CI,-N 2 and C1t Cl-N, %ere periment [6].
investigated using a negative point-to-plane discharge apparatus. The In addition to the enhancement of conductivity, a re-
electron attachment rate constants of CF.CI, in buffer gases of N, and
Ar %ere measured by a parallel-plate drift-tube apparatus at various duction in conductivity was also observed in the CFCl,-
F V. from which the dominant negative ions in the discharge media N, discharge medium; however, this reduction was not
were inferred. The conductivity of the discharge medium is enhanced observed in the CH 3C0- N, discharge medium. This re-
upon laser irradiation due to conduction electrons being produced from duction of conductivity is likely due to the impedance
photoelectron-detachment of Cl . From the dependence of the en,. change of gas medium caused by laser irradiation or by
hanced current on laser power, the photodetachment cross sections of
Cl in a given discharge condition were derived to be 2.5 x 10- "- cmi the increase of electron attachment to photodissociation
at 193 nm and 1.0 x 10- " cm2 at 248 nm. After the current enhance- products Such optically induced current decrease is use-
ment, the current "as greatly reduced as was observed in the discharge ful for controlling the opening time of a discharge current.
medium of CF,Clz-N 2 , but not in CH3C-N.. The mechanism for the The electron attachment rate constants of CF2Cl 2 in
optically induced reduction of discharge current is discussed, buffer gases of N and Ar were also measured at various

E/N (reduced electric field) in this experiment. The elec-
1. INTRODUCTION tron attachment rate constant of CFCl2 in the buffer gas

R ECENTLY, Schaefer et al. III demonstrated that of N, has been measured by McCorkle et al. [7[ , but the
photoelectron-detachment of 0- in the afterglow of data in Ar are not yet known. Our results provide the elec-

a dc discharge in oxygen could be used as a control mech- tron attachment rate constant over a wide range of elec-
anism for diffuse discharge switching. This principle is tron energy which is needed for understanding the elec-
useful for the design of opening switches which are needed tron attachment process. We use such information to
for the development of an inductive energy storage system elucidate the major negative ion in the discharge medium.
for which the intrinsic energy density is much higher than which is essential for the interpretation of our experimen-
that of a capacitive storage system [21, 131. In addition to tal observation.
0. photoelectron-detachment of F- and CL-. which was II. EXPERIMENT
observed 141. [51 in glow discharge containing NF3 and The experimental setup for the measurement of electron
Cl_, respectively, could also be useful for the control of attachment rate constant is shown in Fig. I. where the gas
discharge current. The use of photoelectron-detachment cell was a 6-in-OD six-way black-anodized-aluminum
of Cl- as a switching control is reported in this paper. cross. The electrodes were two parallel uncoated stainless

Photoelectron-detachment of Cl - in discharge medium steel plates 5 cm in diameter and 2.5 cm apart. The elec-
of CF,CI1-N. or CHICI-N, by excimer laser photons was tron swarm was produced by irradiation of the cathode
studied in this experiment. The study of the chlorine com- with an excimer laser beam (Lumonics Model 86 IS) with
pound is of interest, because the dielectric strength for a an incident angle of about 70'. The laser pulse duration
chlorine compound containing gas mixture is usually was about 10 ns and the laser beam size was reduced to 3
high. In addition to practical applications, this experiment mm in diameter by a diaphragm. A negative high voltage
also provides fundamental data for the photoelectron-de- was applied to the cathode to maintain an electric field.
tachment cross section of Cl- in a discharge condition. The conduction current induced by the electron motion
The cross section was derived from measurements of the between the electrodes was measured as a transient volt-
laser-induced current as a function of laser power. This age across a resistor ( 1-2 kQ) connecting the anode to
measurement method is subject to the effect of photoelec- ground.
tron on the local field. Nevertheless. the measured cross For the discharge experiment, the parallel-plate elec-
sections are comparable with pubiished data in the 200- trodes were replaced by a negative point-to-plane elec-

Man..cript rcce .ed Fcbruary 9. 1987; rcised April 13, 1987 Thi. trode set inside the gas cell. The cathode was a steel \kire

,*ork was ,ipporled by (he Air Force Office of Scientife Research under 0.5 mm in diameter, and the anode was a stainless steel
Grant AFOSR ShO205 plate 5 c in diameter. They were posiioned 1.5 cm

The authors are Atth the Department of Electrical and Computer Engt- apart A negative high ltage was applied to the cathode
neering. San Diege State University. San Diego. CA 92192.

IEEE Log Number 9716395, through a 5.6-MO resistor. The discharge current was

0093-3813/87/0800-0460$01.00 ,c? 1987 IEEE
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HV The electron attachment rate constant k,, is determined
0-(-30)Kv by v,,/[CF2 Cl2 ]. Similar to the previous measurements

[8], [91. the measured k,, values in Ar buffer gas decrease
Ga ninsulator with increasing [ CFCI. i/ I Ar 1. This may be caused by

the effect of CF 2 CI, on the electron energy distribution in
Ar. The electron attachment rate constant of CFCI, is
taken as the extrapolated value of v,,/ CFCI2 I at

I CFCl2 I = 0. for which the electron energy distribution
is associated with pure Ar. The measured electron attach-
ment rate is proportional to the partial pressure of added

Pmp CFCI, but independent of buffer gas pressure, indicating

MKS Baratron that the electron attachment is a two-body dissociative
Manometer 150 MHz process. The k,, values of CF,C, in the buffer gases of N,

R Digital and Ar at various E/N are shown in Fig. 2. curves (a)
I Oscilloscope and (b), respectively, where the buffer gas pressure "as

about 250 tor-. The experimental uncertainty is estimated
I8M PC to be ±20 percent of the given value. The dotted line in

Fig. 2 is the k,, value of CFCl2 in N, measured by
Fig. I Schematic diagram ,t experimental apparaus for electron attach- McCorkle et al. 171. The agreement between these two

ment rate measurement data is satisfactory.

The attachment rate constants of CFCI, in N, and Ar
are plotted in Fig. 3 as a function of the mean electron

measured by the voltage across a 1000- resistor con- energy ( e .The mean electron energies in N, and Ar at
necting the anode to ground. An ArF (or KrF) laser beam various E/N were reproduced from the calculation of
with a photon energy of 6.42 eV (or -5 eV) was used Hunter and Christophorou 191. Since the electron energy

to irradiate the discharge medium. The laser flux was distributions in Ar and N are simtlar [, t is energy

monitored by an energy meter'(Scientech Model 365). The dist rtions in rt and N, a [9, It is expected

tranien wavfors wee mnitred y a150-~z ig-that the ka values in both CFCl,-N, and CFCl,-Ar mix-transient waveforms were monitored by a 150-MHz dig- tures as a function of ( ) will overlap as shown in Fig.
ital storage oscilloscope (Tektronix 2430) and were sub- 3. Our datum of about 1.7 X 10- 1) cm 3/s at (E > 0 lies
sequently stored and analyzed by an IBM-PC microcom- a- Cputr:among the reported values of (0.4 - 3.2 ) × 10 - s
p uter: measured at thermal electron energy [101-112].

Pressure of the flowing gas in the cell was monitoredpeaks at 0
by a Baratron manometer (MKS Instrument). All mea-
surements were performed at room temperature. Diluted (thermal energy) and -0.7 eV and a broad band with a

- maximum around 3 eV. The k, curve indicates the elec-
mixtures of CFCl 2 ( <0.5 percent) in N, or Ar and di- tron energies for the maxima of electron attachment cross
luted CHICI mixtures ( - 2.7 percent) in N, were pre- sections, which show three peaks at 0, 0.6. and 3.5 eV as
mixed before being introduced into the gas cell. The pu- measured by Pejcev et al. 1131. These k,, values and the
rities of N, and Ar (MG Scientific) "ere better than 99.998 electron attachment cross sections can be used to infer the
percent, and the purities of CFClI and CHICI (Mathe- electron attachment process. The possible dissociative
son Gas Products) were 99.0 and 99.5 percent, respec- electron attachment processes of CFCI 2 are
tively. These gases were used as delivered.

CF 2Cl, + e - C- + CFCI .H -0.17 eV
III. RESULTS AND DISCUSSION

A. Electron Attachment to CFCI, (la)

The electron attachment rate constants of CFIC12 in N, - Cl- + CF, 0.86 eV

and Ar were measured at various E/N. These data are ( lb)
used to infer the nature of negative ions produced in the
discharge n.±dium. In these measurements, electrons were - F + CCl2 F 1.50 eV
produced by irradiation of the cathode with KrF laser pho- (c)
tons (see Fig. 1). The transient current induced by elec-
tron motion between the electrodes under an applied elec- - Cl- + Cl + CF, 1.98 eV
tric field was observed. When CFCI 2 was added to the
buffer gas. the electron conduction current was reduced (Id)
due to electron attachment to CF,C 2 . The electron at- - CC1- + F, 5.75 eV.
tachment rate , at a fixed CFCI, concentration was ob- le
tained from the decay slopes of In (i/io) versus time,
where i and io are the current with and without CFC1,, Here, the thermochemical energies were calculated from
respectively, the dissociation energies 114] of 3.5, 2.479. and 1.56 eV
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... are dominated by CI-, C12, and F-. Since Cl2 will be
photodissociated into CI- + CI [18], instead of being

photodetached into Cl2 + e, and the photodetachment
i 2 - "-. (a) cross section of F is about three times less than that of

Z ' • "" CI- [6, the current increase in the next section is mainly
, caused by the photodetachment of CI-.

C

_ £ B. Enhancement of Conductivity in CF2CI2-N2

A For the discharge experiment, the CF 2C12-N' 2 mixture

E A (bi was discharged between negative point-to-plane elec-

A&-A trodes by a dc high voltage. When an ArF laser was used
to irradiate the discharge medium, dc discharge current

A was switched as shown in Fig. 4, where the transient cur-

rent waveforms were taken at CF 2C12 partial pressures of
-0 -0, 1, and 2 mtorr (see Fig. 4(a), (b), and (c), respec-

0 2 4 6 9 10 tively). The applied voltage was -0.9 kV, the laser en-
ergy flux was 30 mJ/cm 2 , and the laser beam diameter

E/N ( Td) was 3 mm. Each waveform is the average of 64 pulses.

Fig. 2. Electron attachment rate constants as a function of E/N for CF2 CI2 As shown in Fig. 4, the value of dc current decreases with
in buffer gases of (a) N2, and (b) Ar. The buffer gas pressures were 250 increasing concentration of CF 2CI2 . This current decrease
torr. The dotted line represents the data of McCorkle et al. [7]. is due to electron attachment to CF 2CI2 . For the discharge

medium of pure N2, the discharge current is not affected
by the laser irradiation at t = 0 as shown in Fig. 4(a).

E When trace amounts of CF2Cl 2 are added to the discharge
medium, the current increases immediately following the

2 - laser irradiation as shown in Fig. 4(b) ard (c). This cur-
o rent-increase pulse has a duration of about I uis.

C The current increase in Fig. 4 is not due to the transientA A

C- 
response of the discharge circuit, since the increased cur-
rent I' depends on [CF 2CI2 ] as shown in Fig. 5. The
increased current increases linearly with [CF 2CI 2] at low

E 1partial pressures, and then saturates at high partial pres-
-5 * - sures. The saturation of increased current at high CF 2CI02
2 * 3 * partial pressure is probably due to the conduction elec-
< I1trons produced by laser photodetachment of Cl- being

reattached to CF 2C12 . The current increase is also not due
to the photoionization of CF 2CI2 . Since the ionization en-

0 I I ergy of CF 2C12 is 12.31 eV [19], it rcquires at least two

0 2 4 6 ArF laser photons (6.42 eV) or three KrF laser photons
(5 eV) to ionize CF 2 CI2. In Fig. 6, the current increase

Mean Electron Energy <, "- (eV) is linearly proportional to laser power at low energy flux,

Fig. 3. Electron attachment rate constant of CF2CI2 -N2 as a function of indicating that the current increase is most likely caused
mean electron energy in N2 ( A ) and Ar (0). by a single photon process. This assertion was further

checked by measuring the multiphoton-ionization coeffi-

for CF 2CI-CI, CI-Cl, and F-F; the heats of formation cient using a parallel-plate drift-tube apparatus. The two-

[141, [151 of -116.5, -43.6, 18.36, -21, 28.587, and photon-ionization coefficients of several molecules have

56.7 kcal/mol for CF 2CI 2 , CF 2 , F, CCI2F, Cl, and CC12 ; been measured using this apparatus [20]. No ionization

and the electron affinities [16] of 3.67, 2.3, 3.44, and 1.8 current was detected for [CF 2CI2 ] up to 5-mtorr partial

eV for Cl, Cl2 , F, and CCI2 , respectively. The energy pressure. This result indicates that the multiphoton-ioni-

threshold for process (la) is about 0.17 eV below the zation coefficient is very small; thus, the process does not

ground-state energy of CF2 Cl2 , indicating that this is the produce sufficient electrons to cause the observed current

main attachment process at thermal energy. In fact, it was increase. After examining all possibilities, the current in-

reported that C*,- vas the only observed negative ion at crease likely results from the increase of conduction elec-

thermal energy 1121, [17]. The second peak may correlate trons photodetached from the negative ions by laser pho-

with process (lb), and the broad band in the 2-5-eV re- tons. Similar transient current waveforms were observed

gion may correlate with processes (lc) and (1d). in the discharge medium of SOCI 2-N2 , when the dis-

For electron energy less than 5 eV, the negative ions charge medium was irradiated by ArF laser pulses [21].

11
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(c) Fig. 6. Values of I* as a function of laser energy flux for (a) ArF and (b)
KrF laser irradiation on the discharge medium of CF2CI2 in N2 . The

100 applied voltage was -0.95 kV, [CF2CI,] - 1.2 mtorr, [N2] -26 torr,
and the laser beam diameter was 3 mm. The solid lines are the best fit

Fig. 4. Transient current waveforms after the discharge medium was ir- to the data using (3).

radiated by ArF laser pulses. The partial pressures of CFCI, were (a)
-0, (b) I, and (c) 2 mtorr; the laser energy flux was 30 mJ/cm2; tfie
laser beam diameter was 3 mm; the applied voltage was -0.95 kV; and
the N2 pressure was about 26 torr. I* and I- indicate the increase and ment cross section of negative ions under this discharge
the decrease from the dc current level, respectively, condition. The number of negative ions N - after laser

irradiation is given by [22]

* * N- = No e - °J ' (2)

60 where No is the number of negative ions before laser ir-
* radiation, a is the photodetachment cross section at the

laser wavelength, J is the laser flux at the central region
between electrodes, and A t is the duration of laser pulse.

40o The number of electrons produced by laser photodetach-
ment is

AN, = N o - N- = No(1 - e-JAt). (3)

20 * AN, can be determined from the current increase I',
that is, I' = AN,WT, where W is the mean electron drift
velocity. W may be affected by the change of the local

field due to laser irradiation on the discharge medium [5].
01 2 , However, the current increase was measured at its peak
1 2 value which is about 0.5 jts after the laser irradiation. At

{CF 2 CI2 ] ( mTorr ) this later time, most of the electrons produced from the
laser irradiation have moved away from the laser irradia-

Fig. 5. Maximum value of increased current I! as a function of the CF2C12 tion region. In this region, the gas property is not affected
concentration. by the perturbation, and E/N may recover at this later

time. Thus, W at this later time may be nearly constant,

The current increase versus ArF laser energy flux is namely, it is not seriously affected by the laser irradiation.
shown in Fig. 6, curve (a), where [CF2 CI2 ] was - 1.2 Thus, the peak current I + is presumably proportional to
mtorr, the applied voltage was -0.95 kV, and the laser AN,.
beam diameter was 3 mm. The beam diameter was deter- The experimental data of Fig. 6, curve (a) were fitted by
mined from the diameter of the diaphragm in front of the this equation and renresented as a solid line with a = 2.5
gas cell, the divergence angle of the laser beam, and the x 10- 7 cm 2 . This uncertainty of the a value is about
distance from the diaphragm to the central region of the ±20 percent of the given value. The photoelectron-de-
gas cell. Since only the central portion of the laser beam tachment cross section of CI- has been measured in a CI-
was used (the original beam size is about 0.6 x 2 cm2 ), ion beam experiment by Mandl [61 from the threshold
the laser flux could be assumed to be spatially uniform. wavelength ( -340 nm) to 200 nm. The extrapolated
The data in Fig. 6 can be used to derive the photodetach- value from [61 at 193 nm is about 2.2 x 10- 7 cm 2. This

12
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extrapolated value is close to our result measured under a Time u js)
discharge condition.

The saturation experiment was also performed on the 0 0 16

same gas mixture using a KrF laser (248 nm) immedi-
ately after the ArF experiment, and the results are shown 20
in Fig. 6, curve (b). The experimental conditions, i.e., (a)
the discharge parameters, laser beam size, and laser beam 40

position (in the central region between electrodes), were 40
kept the same for both measurements. The experimental
data were fitted by (3) with a = I x 10-'7 cm2 as shown 0 .
by the solid line in Fig. 6, curve (b). Our value is close
to the photodetachment cross section of Cl- measured at 20
248 nm by the Cl- beam experiment [61, which is - 1.3 0
x 10-17 cm 2. The good agreement between these a values 40
further supports the assertion that Cl- is the primary neg- V
ative ion that is photodetached to induce the current in-
crease.

20
C. Enhancement of Conductivity in CH3C-N, (c)

Laser-induced enhancement of conductivity was also 40
observed in the discharge medium of CH3CI in N2 buffer
gas. Fig. 7 shows the transient current waveforms in- 60
duced by ArF laser pulses which were taken at CH 3CI
partial pressures of -0, 1. 1, and 4.3 mtorr (see Fig. 7(a), 80
(b), and (c), respectively) in an applied voltage of -0.9
kV, a laser energy flux of 40 mJ/cm2 , and a laser beam Fig. 7. Transient current wavelbrms induced by ArF laser irradiation of a
diameter of 3 mm. As shown in Fig. 7, the value of dc discharge medium of CHCI-N,. The partial pressures of CHCI were

(a) -0, (b) 1.I, and (c) 4.3 mtorr, the laser energy flux was 40 mJ/cm-,
current decreases with increasing [ CHC I due to electron the laser beam diameter was 3 mm, the applied voltage was -0.9 kV.

attachment to CH 3CI; however, this current decrease re- and the N2 pressure was about 26 tort.

quires more CH 3C gas pressure than that of CF 2CI 2, be-
cause the electron attachment rate constant [101 of the for-
mer is less than that of the latter. Similar to the case of 60 , , ,
CF2CI,-N, discharge medium, when trace amounts of
CH 3C! are introduced into the N, discharge medium,
current increases immediately following the laser irradia- _ 40

tion at t = 0 as shown in Fig. 7(b), (c). However, in "
contrast to the case of CF 2Cl2, the current does not de- (b)
crease below the dc current level after the current in- 20-
crease. This phenomenon will be further discussed in the
next section.

Similar to the case of CF 2C02, the current increase in
Fig. 7 is not due to photoionization of CH3CI. The ioni- 10 20 30 40 50
zation energy of CH 3CI is 11.28 eV [ 191. In order to ion-
ize CH 3CI, it requires two ArF laser photons or three KrF Laser Energy Flux ( mJ/cm 2

laser photons. The current increase / + is linearly propor- Fig. 8. Current increase I ', as a function of laser energy flux for (a) ArF
tional to laser power at low laser flux as shown in Fig. 8, and (b) KrF laser irradiation on the discharge medium of CHCI in N,.
curves (a) and (b) for laser wavelengths of 193 and 248 The applied voltage was -0.9 kV. ICH,ClI -7.3 mtorr. IN,l -26

torr, and laser beam diameter was - 3 mm. The solid lines are the bestnm, respectively. The primary negative ion existing in the fit to the data using (3).
discharge medium of CH 3CI-N 2 is expected to be CI-,
produced by the CH 3CI + e - CH 3 + C1- process [23].
The A H for this process is -0.1 eV as calculated from and (b) were taken with j CH 3CI] -7.3 mtorr, the applied
the heats of formation for CHCI and CH 3 of 35.62 and voltage of -0.9 kV, and the laser beam diameter of 3
-18.1 kcal/mol 1141, respectively. Thus, Cl- can be mm. These two data sets were measured under the same
produced at low electron energy, and it is expected to be experimental conditions. The experimental data were fit-
the dominant ion in the CH 3CI-N 2 discharge medium. The ted by (3) with the a values of 2.5 x 10-7 cm2 at 193
photoelectron-detachment of Cl- is again the cause for nm and I X 10-17 cm 2 at 248 nm. These two values co-
the laser-induced current increase. incide with the values obtained from the discharge me-

The data of current increase shown in Fig. 8, curves (a) dium of CF2Ci 2-N,. This excellent agreement between the

13
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photoelectron-detachment cross sections measured by dif- 0 20

ferent experiments further supports the assertion that the -

current increase is caused by the photoelectron detach- 0.8,

ment of CI- observed in the discharge media studied. "
06-

A A A A -iO CD. Reduction of Conductivity Observed in Discharge b h -

Medium of CF CI-N 2  
04 "

In Fig. 4(b), (c). the discharge current decreased below C,

the dc discharge current level after the initial current in- 02

crease. This transient current decrease was only observed 01 10
in CFCI, (Fig. 4) but not in CH3CI (Fig. 7). This current 0 2 3

decrease is a kind of current oscillation phenomenon
which will depend on the relative impedances of all cir- CC2C 2

cuit components. It is possible that the impedance of the Fi t (t) Ratio ol the maximum decreased current I to he dc discharge

CFCl,-N 2 discharge medium could be changed by the current I. (I) Duration I FA HM) o the decrcaad current pulke is a lunc-

laser irradiation such that its combination with the exter- tion of CF.Cl, concentration.

nal circuit causes a resonance. The impedance of the dis-
charge medium could be changed by electron attachment toelectron detachment of Cl by laser photons. A de-
to the excited state of CFCI, and/or to photofragments crease of transient current below the dc current is also
produced by the laser excitation of CF 2 CI,. The photoab- observed in the discharge medium of CFCI2-N,, which
sorption cross section 1241 of CF2CI2 at 193 nm is 4 X
10' cm 2. For2 mtorrof CFCl, a concentration of 1012 is likely a kind of current oscillation caused by impedance

cm-1 for the CF C r and Cl radicals could be produced change of the discharge medium by laser irradiation. For
by the discharge medium of CHCI-N,. only the transient

a laser energy flux of 30 mJ/cm2 . It is expected that vi- current increase, but not the current decrease, was ob-
brationally excited CFCI2 and excited radicals also exist served. The photodetachment cross sections of CL- under
in the discharge medium, for which the photoabsorption a discharge condition were measured to be 2.5 x 10-"

cross sections may be higher than that of CF2CI 2 in the cm 2 at 193 nm and 1.0 -10-7 cm 2 at 248 nm. These
ground state. Therefore, the radicals produced by laser values are close to the data measured by a negative ion
irradiation may be much higher than the concentration ex- beam experiment.
pected from photodissociation of CF2 C12 in the ground This experiment demonstrates that the discharge cur-
state alone. If the concentration of radicals produced is
101

3 cm- - and the electron attachment rate constant of this rent can be switched by laser-induced molecular pro-
cesses. This information is useful for the development ofradical is 10- 7 cm3/s, then the current decrease due to the diffuse-discharge switches.

attachment by this dissociation product could occur within
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Abstract. Laser-induced increases of discharge current were observed in the
discharge media containing various halogen compounds (F2, HF, HCI, C12, HBr,
CH 3Br, CH31 and CH 2 12 ) in N2. The increases of transient current were attributed
to the photodetachment of negative ions in the discharge media. On the basis of
general considerations, the negative ions present in the discharge are assumed to
be the atomic halogen negative ions. Photodetachment cross sections were
determined from the current increases as a function of laser flux. Photodetachment
cross sections of F-, CI-, Br- and I- are (0.75, 2.5, 3.3 and 7.0) x 10-17 cm 2 at
193 nm and (0.6, 1.0, 1.5 and 3.0) x 10 -17 cm2 at 248 nm, respectively. These
data are compared with the earlier results of negative ion beam experiments and
theoretical calculations.

1. Introduction (F,, HF, HCI. Cl, HBr, CH 3Br, CH 3I and CHI_) in
N2 buffer gas. When the discharge media were irradi-

Photodetachment of negative halogen ions occurs in ated by laser pulses, transient current increases were
the atmosphere and in discharge systems (Smirnov observed. The current increase is attributed to the pho-
1982). The photodetachment cross sections of negative todetachment of electrons from negative ions. The
halogen ions are generally of interest for the studies of photodetachment cross sections of negative ions were
laser and plasma physics. Recently, the photo- determined from the plots of current increase versus
detachment processes of F- and C- in discharge laser flux integral. The possible negative ions existing
media containing NF3 (Greenberg et al 1984), Cl, in the discharge media are discussed in this paper. A
(Gottscho and Gaebe 1986), as well as CFIC12 and comparison of the measured photodetachment cross
CH 3CI (Wang and Lee 1987) were studied. These pho- sections with the published experimental data and
todetachment data are useful for the development of theoretical values is made.
diffuse discharge switches (Schaefer et al 1983, Schaefer
and Schoenbach 1986), as well as for understanding the
etching and deposition processing of electronic 2. Experimental
materials.

Photodetachment cross sections of negative halogen The experimental set-up is shown in figure 1. where
ions have been calculated by several investigators the gas cell used is a six-way black-anodised aluminium
(Rescigno et al 1978, Ishihara and Foster 1974, cross of 150 mm OD. Inside the gas cell, the cathode
Robinson and Geltman 1967, Clodius el al 1983, Rado- was a steel wire 0.5 mm in diameter with a hemisphere
jevic et al 1987) and also measured by several experi- tip, and the anode was a stainless steel plate 5 cm in
ments (Vacquie et al 1987, Rothe 1969, Mandl 1971, diameter, they being placed 1.5 cm apart. A DC nega-
1976). Photodetachment cross sections were previously tive high voltage was applied to the cathode through a
all measured at wavelengths longer than 200 nm 5.6 MQ resistor. The discharge current was measured
(>200 nm for F-, Cl-, Br-; and >300 nm for I-) with- by the voltage across a 1000Q resistor connecting the
out the presence of an electric field. anode to ground with an input capacitance of about

In this work, the photodetachment cross sections of 10-10 F. An excimer laser beam (Lumonics Model
F-, Ci-, Br- and I- in discharge media were measured 861S) was used to irradiate the discharge medium.
at 193 nm (ArF laser) and 248 nm (KrF laser). The where the laser pulse duration (FWHM) was 10 ns with
negative halogen ions were produced by DC glow dis- a tail of about 8 ns and the beam size was about 3 mm
charges of gas mixtures of various halogen compounds in diameter. The laser beam size was limited by a
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W C Wang and L C Lee

Power meter current decreased due to electron attachment to the
halogen compound. The amount of current decrease

TO depends on the concentration and species of halogen
PUMP compounds. The higher the concentration added. the

greater was the current decrease. Also, the current
decrease increases with the electron attachment rate of

Cqtser halogen compound. For example, the attachment rate
constant of HCI at low electron energy is about 10"'
cm 3 s-' (Sze et al 1982) and the attachment rate con-
stant of CH 3I at thermal energy is 7 x 10" cm3 s'

net -- (Christophorou 1976). When 0.2 mTorr of HCI and
0.1 mTorr of CHI were added into N, discharge
media, the DC discharge currents were reduced from
55!,A to 41 YA (see figure 2(b)) and to 2311A (see
tfigure 2(d)). respectively. Experimental results indicate

Figure 1. A schematic diagram of the experimental that the major negative ions in the discharge media are
apparatus. The electrode spacing was = 1.5 cm. atomic halogen ions (see the following discussion).

Trme *psI
diaphragm placed in front of the gas cell. The actual 0 4 0
beam size in the discharge medium is affected by the
divergence angle of the laser beam and the distance
between the diaphragm and the discharge region.

These factors were taken into account in the calculation
of laser flux. Since only the central portion of the laser
beam was used in the experiment (the original beam
size was about 0.6 x 2 cm 2), the laser flux was assumed
to be spatially uniform. The laser flux was measured 40 40.
by an energy meter (Scientech Model 365) behind the
exit window of the gas cell, where the window trans-
mission is about 90% for KrF and 80% for ArF. The
transient current waveforms induced by laser 60 60
irradiation were monitored by a 150 MHz digital
storage oscilloscope (Tektronix 2430) and were sub- 0sr ois e eo 20 n e s
sequently stored in an IBM-PC microcomputer.

The gas pressure was monitored by a MKS-Bara- 2 b (d)
tron manometer, where the total pressure was about
25 Torr. All measurements were performed at room 20
temperature. Most of the halogen compounds were
premixed in N, before being introduced into the gas
cell. The purity of N, (MG Scientific) was better than
99.998%. The purities of HF, HBr and CH 3Br, sup- 80 V
plied by Matheson were 99.9%. 99.8% and 99.5%,

respectively. Diluted F, (10% in He. Matheson), Cl,
(2% in He, Matheson). and HCI (20% in He, MG
Scientific) were used as delivered. The purities for the '20

liquids of CH 3I and CHI, (Alfa Products) were better
than 99.0%. Each liquid was kept in a Teflon bottleinside a stainless steel container. The liquid in the stain- Figure 2. Transient current waveforms produced by the

ArF laser irradiation of discharge media. The partialless steel container was continuously pumped for a pressures of various halogen compounds were (a) IF2]
few hours at the dry ice temperature, before it was 0.15. (b) 1HCI] = 0.2, (c) [HBr] -1.0. and (d) [CH31] -
introduced into the gas cell. 0.1 mTorr. The energy fluxes of the ArF laser were (a) 35,

(b), 26, (c) 14, and (d) 30 mJ cm 2. The applied voltages
were (a) -0,7, (b) -0.9, (c) -0.8, and (d) -0.9 kV. The N2pressure was about 25 Torr and the laser beam diameter

3. Results and discussion was --3 mm.

A point-to-plane discharge was sustained by applying
a negative DC high voltage of 7(0-9(X) V to the N, When the discharge media were irradiated bv exci-
medium. When a trace amount of halogen compound mer laser pulses, the discharge current increased
was introduced into the gas cell, the DC discharge initially and then recovered to the original DC level
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after a few ,is, as can be seen from figures 2(a) and I I

2(c) for the discharge media of F, and HBr, respect-
ively. For the discharge media of HCI (figure 2(b)) 8
and CH.I (figure 2(d)), the discharge current did not
recover to the DC level after a few ps, but showed a 4
kind of current oscillation. This oscillation could be
due to the impedance change of the discharge medium :L< A

caused by laser irradiation.
The transient current increase depends on the par-

tial gas pressure of the halogen compound as shown in
figure 3. The increased current increases linearly with

__-_ 7 020 4O b0

30 - ser energy fti x ImJ cm

• Figure 4. The peak values of current increase versus the
e energy fluxes of the /rF laser (248 nm) in the discharge

20 media containing F2 (curve A), HCI (curve 8), HBr (curve
C), CH 31 (curve D), and C12 (curve E). The applied voltages
were -0.7, -0.9, -0.8, -0.9 and -0.9 kV, respectively;

r and the partial pressures of the halogen compounds were
10 - 0.15, 0.2, 1.0, 0.1, and 0.8 mTorr, respectively. The full

curves are the best fit to the data using equation (2).

p L. I I

0 2 3 4" 'I

MHI'l (mborri

Figure 3. The peak values of the transient current
increase, AI, as a function of the partial pressure of HBr, 6
where the ArF laser energy is =14 mJ cm- 2.

[HBr] at low partial pressures but saturates at high :R 40

partial pressures. The saturation of increased current z
(or the negative ion) at high HBr partial pressure may A

be due to conduction electrons being mostly attached 20
to HBr. Since the increased current depends on [HBr] 0
as shown in figure 3, the transient current increase is
thus not due to the transient noise induced by the laser
discharge. The current increase is also not due to the 0 10 20 30
photo-ionisation of halogen compounds except for the Laser erergy ftux ImJ cm
case of Cl (see § 3.4). For the molecules studied, the
ionisation energies are in the 9.5-16 eV range, for Figure 5. The peak current increases versus the energy
example. the ionisation energies are 9.54eV for CH 3I fluxes of the ArF laser (193 nm) in the discharge mediacontaining F2 (curve A), HCI (curve B), HBr (curve C), andand '5.77 eV for HF (Watanabe et al 1962). It requires CH3 1 (curve D). The applied voltages were -0.7, -0.9,
at least two ArF (or KrF) laser photons to ionise these -0.8, and -0.9 kV respectively, and the partial pressures
halogen compounds, namely, by a multiphoton ion- of the halogen compounds were 0.15, 0.2, 1.0. and
isation process. The current increases in most discharge 0.4 mTorr, respectively. The full curves are the best fit to
media are linearly proportional to laser power at low the data using equation (2).

laser power (see figures 4 and 5), indicating that the
current increase is caused by a single photon process.
The assertion that the current increase is not caused by duced only by the photodetachment process. Thus, thephoto-ionisation of the halogen compound is further dcdol ytepooeahetpoes hs h

current increase as a function of laser flux can be used tochecked by measuring the two-photon ionisation coef- derive the photodetachment cross section as described
ficient using a parallel-plate drift-tube apparatus (Wang below.
and Lee 1985). Except for C 2 irradiation by an ArF
laser (see § 3.4), no currents due to ionisation of neutrals te n b ofanegategion o an erlser
were detected with exposure of the studied molecules to given b i Taied b e ox s
193 and 248 nm radiation. From the above experimental (Taillet 1969)

facts, it is concluded that the current increase is pro- N- = N,, e- " (1)
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% here NO is the number of negative ions before laser attachment rate constant of CGid, which is the highest
irradiation, a is the photodetachment cross section at among the halogen compounds we investigated, is
the laser wavelength. J is the laser flux, and At is 7 x 10 cm's - ' (Christophorou 1976) at thermal
the duration of laser pulse. The number of electrons energy. For 0.1 mTorr of CHI. its maximum attach-
produced by laser photodetachment is ment rate is 2.3 x 105 s ' and the reaction time is about

AN, = N,-) - - = N,- (1 - e JA). (2) 4 fis which is much longer than the duration of the laser
pulse and the current-increase pulse. Thus, the electron

Here. AN, can be determined from the current attachment process does not affect the measurement
increase, Al, that is, Al x ANW, where W is the mean of AN,.
electron drift velocity. It should be noted that W could In figure 2. there is about a 0.3,us delay in the
be affected by the change of local field due to laser observation of peak current increase. This delay time
irradiation of the discharge medium (Gottscho and may be the combination of the RC time constant (-
Gaebe 1986). In our experiment, the current increase 0.1 !is) of the input circuit, the relaxation time for the
was measured at its peak which is about 0.3.us after photodetached electrons to reach an equilibrium state.
laser irradiation (see figure 2). At this later time. most and the drift time of the photodetached electrons to
of the photodetachnient electrons have moved away the anode. The rapid current drop after the peak is
from the laser irradiation region to enter a region likely due to the absorption of electrons by the anode.
where the gas property is not seriously affected by but not charge recombination or electron attachment.
the perturbation. Also. the electric field that may be The charge recombination coefficient of N* at room
disturbed by the laser irradiation will recover at this temperature is about 3 x 10- cm" s ' (Kasner 1967).
later time. Thus, the W at this later time is expected For an ion density of approximately I0'' cm ' in our
to be nearly constant, and the peak current. Al. is thus discharge system, the recombination rate is 3 x 10' s '.
proportional to AN,. which is much slower than the current drop rate. CHd

The other sources of uncertainty relevant to has a maximum electron attachment rate of
equation (2) are the laser beam profile and secondary 2.3 x 105 s -' which is the highest for all the molecules
reaction processes (Gottscho and Gaebe 1986). In we studied. This is also much smaller than the current
deriving (2), the laser beam intensity was assumed to drop rate.
be uniform. Thus was justified by using only the central The a-values are determined by the best fit of
portion of the laser beam for the experiment. The experimental data of A/ versus laser flux with equation
secondary reaction processes should not be important (2) as shown in figures 4 and 5. The photodetachment
in our experiment because the concentration of halogen cross sections are listed in table I for both the KrF
compound was small. As an example, the electron (248 nm) and ArF (193 nm) laser wavelengths. The

Table 1. Photodetachment cross sections of negative halogen ions at 248 and 193 nm (in units of

10- 18 cm2).

248 nm 193 nm

Other
Compounds This experimental Theoretical This Theoretical

Ions studied work values values work values

F F2  6 5.5a  6.5b, 5.5C 8 7.3b. 9.4
HF 6 7 .8d 7.30 7 7.89

6. 7 g

Cl HCI 10 25 27, 2 09
Cl2  10 141 17d . 1 6g
CF 2 CI2  10, 25"
CHCI 10h 25"

Br HBr 15 19' 28d, 209 30 44d, 
2 6g

CH 3Br 15 35

I CH 31 30 49 d, 
3 1g 75 831, 409

CH 212  65

aMandl (1971).
Rescigno et al (1978).

c Ishihara and Foster (1974).
d Robinson and Geltman (1967).
0 Clodius et at (1983).

Mandl (1976).
g Radolevic et at (1987).
hWang and Lee (1987).
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experimental data (Mandl 1971, 1976) and the theor- (t:,\) of F (3.4 cV) is higher than that of F, (2.9 eV)
etical calculated values (Rescigno et at 1978. Ishihara (Christodoulides et at 1984). F, can be only produced
and Foster 1974. Robinson and Geltman, 1967, Clodius by a three-body attachment process for which the
et at 1983, Radojevic et at 1987) are also listed in table attachment rate is usually much smaller than the two-
I for comparison. The uncertainty of the a-values is body process that leads to F . In order to confirm that
estimated to be about c20/ of the given value. The our measurement is indeed due to F , we also studied
current increases of the iodine discharge media are the discharge medium of HF needed to produce F
almost saturated at high laser power. so the uncertainty as discussed in the next section. The good agreement
is small (t 10%). However, for F . the uncertainty is between these systems supports the theory that the
large (±30%) because the current increases are not measured photodetachment cross section associates
quite saturated at high laser power density, with F .

The magnitude of the transient current increase At 248 nm. our data agree with the earlier data
depends on the interaction position of the laser beam measured by the negative ion beam experiment (NIandl
and plasma. Near the cathode, the tield is highl, 1971) and the tlhcorltical valuCs as listed in table I 1. At
inhomogeneous and 1,' may vary with position. [he 193 nm. no expcrimcntal data are available, but our
current increase is higher x, hen the laser beam is close XaluC is consistent ,ilh the thcoretical calculations as
to the cathode than that at the central region between also listed in table I. This good agreement suggests
electrodes. This is due to the variation of negative that the photodetachment cross section of negati e ions
ion concentration and electron drift velocity inside the in the F,-N, discharge medium really associates with
plasma. Although the magnitude of current increase F-. The good agreement seems also to indicate that
changes with position. the photodetachment cross sec- this determination of the photodetachment cross stc-
tions measured at different positions are the same for tion is not significantly affected by the electric field in
all gas mixtures studied, except for HF-N,. For the the discharge medium.
discharge medium of HF-N_, two different apparent
photodetachment cross sections were obtained at dif- 32 HF
ferent positions: we assume that the composition of
the negative ion population was different at different The photodetachment cross section of the negative ion
positions. The results for various discharge media are in the discharge medium of HF-N, was determined to
discussed below, compare with that of the F,-N, system. However. for

this mixture, the apparent photodetachment cross sec-
3.1. F, tion depends on laset beam position. When the laser

beam axis was about 0.5cm away from the cathode
The transient current waveform produced by ArF laser (the electrode spacing was 1.5 cm and the beam dia-
irradiation of the discharge medium of F,-N, is shown meter was 0.3 cm). the measured photodetachment
in figure 2 (a), where the waveform was the average cross sections are 7.0 x 10 " cm2 at 193 nm and
of 64 pulses. The peak current increases versus ArF 6.0 x 10 ," cm 2 at 248 nm. in agreement with those
andArF laser energy flux are shown in figures 4 (curve values measured from the F_-N, discharge medium.
A) and 5 (curve A). respectively. The full curves in However, when the laser beam is moved to the centre
these figures are the best fit of the experimental data between the electrodes, the photodetachment cross
with equation (2). from which the photodetachment sections become as large as 4.0 x 10 cm- at 193 nm
cross sections were determined and listed in table 1. and 2.5 x 10 17 cm-, at 248 nm. As an illustration of

The electron attachment to F, has the highest the difference, the current increases versus ArF laser
attachment rate constant of -5.0 x 10 "cm' s near energy fluxes measured at the laser beam about 0,5 cm
the thermal energy (Tam and Wong 1978. Chen et at away from the cathode (curve A) and the centre of
1977). The electron attachment to F, is mainly by the the electrodes (curve B) are shown in figure 6. The
dissociative attachment process that produces the only photodetachment cross section deduced from curve A
stable negative ion. F-. In our experiment, when a in figure 6 is much smaller than that from curve B in
trace amount of F, was introduced into the discharge figure 6. The results show that two different kinds of
medium of N, the Dc current decreased due to elec- negative ions exist in the discharge medium of HF-N,
tron attachment to F,. Since the electron-impact exci- which is further discussed below.
tation of F, mainly dissociates into F + F , it is The possible electron attachment processes for IF
presumed that F- is the major negative ion in the are
discharge medium. Although other negative ions may
be produced through processes such as the three-body HF + e- F + II All 2. 5e V (3a
electron attachment process and ion-molecule reac- HF + e-- H + F AH H 5.1 eV (3hO
tions, the concentrations of these ions are expected to
be small when compared with F . For example, the where the thermochemical energies, AH, were taken
second most dense ion in the discharge medium is likely from the dissociation energy (ot-) of 5.86 eV for IF
to be F, . However. F- can not be produced by the (Okabe 1978), and the electron affinities (v-) of 3.4
charge transfer of F- to F2, because the electron affinity and 0.8 eV for F and I (Christodoulides et al 1984).
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- - dominant negative ions in the Cl-N, discharge
medium. At 248 nm, the photodetachment cross sec-

£ tion of CI- in the discharge medium of CL,-N: (derived
40- from figure 4 (curve E)) was determined to be

.()1.0 x l) - 7cm 2 which is consistent with the values
determined from other chlorine compounds. At

20, 193 nm, the current increase perisistently increases
2.-e---- with laser flux without saturation, thus, the photo-

*detachment cross section can not be determined.
The current increase at 193 nm is partly caused by

0 '0, ----- the two-photon ionisation process. The ionisation
Lser energy flux m a energy of Cl2 is 11.48eV (Watanabe et a! 1962). At

193 nm (6.42 eV). two-photon ionisation of Cl, is ener-
Figure 6. The peak values of current increase versus the getically possible. This multiphoton process is sup-
ArF laser (193 nm) energy fluxes in the discharge medium ported by the observation that (i) the current increase
of HF-N 2, where the laser beam position was 0.5 cm away
from the cathode (curve A) and at the centre between the pulse occurs even though the gas medium is not dis-

electrodes (curve B). The electrode spacing was 1.5 cm charged, and (ii) the current increase is proportional
and the beam diameter was 0.3 cm. The partial pressure of to the square of laser power density as shown in figure
HF was 0.3 mTorr. 7. Because of interference by this multiphoton process,

the photodetachment cross section of Cl can not be
determined from the C1_-N, discharge medium.

The electron attachment cross section of HF (Abouaf
and Teillet-Billy 1980) shows that F- is produced in
the energy range of 2.3 to 3.5 eV. In a glow discharge , T I_

system, the closer to the cathode, the higher is the
electrode field (Doughty et al 1984. 1985); thus. the
electron energy near the cathode is expected to be
higher than that in the plasma region where the electric
field is relatively small. According to the results of
figure 6, F- was produced more near the cathode
(sheath) region than in the central region (plasma
region). Since the electron energy required to produce
H- is higher than 5eV, the concentration of H- is
expected to be small. A further investigation of the ion
species in the plasma region is of interest.

3.3. HCI o /.

Laser energy flux (mi cm l

Electron-impact excitation of HCI will produce Cl- Figure 7. The two-photon ionisation signal versus the
(AH = 0.76 eV) or fi- (AH -3.63 eV), where the AH- energy flux of the ArF laser (193 nm) for Cl2 in N2 where a
values are taken from the DE of 4.43 eV for [ICI parallel-plate drift-tube apparatus was used. The Oc current
(Okabe 1978) and the EA of 3.67eV for Cl (Christo- was zero, the applied voltage was 0.6 kV, and the partial
doulides et a! 1984). Cl- is produced in the energy pressure of C12 was 0.2 mTorr.

range of 0.5 to 1.5eV, while H- is produced in the
range -6 to 11 eV (Azria et al 1974, 1980). Because
the mean electron energy in N 2 is usually low, CI- is The photodetachment cross sections of negative
expected to be the dominant negative ion in the dis- ions in the discharge media of CFCl,-N2 and CIItCl-
charge medium of HCI-N,. The measured photo- N2 have been measured before (Wang and Lee 1987).
detachment cross sections should thus associate with The dominant negative ions responsible for photo-
CI-. Our value at 248 nm (derived from figure 4 (curve detachment in these two discharge media were taken
B)) is close to the measurement of Mandl (1976) by to be Cl-, for which the photodetachment cross sec-
beam experiment as listed in table 1. At 193nm, no tions are also listed in table I for comparison. The
experimental data are available, but our value is con- photodetachment cross sections of CI measured from
sistent with the theoretical calculation as listed in table these two discharge media are the same as those
1. measured with HCI and Cl in N.

3.4. C 12 3.5. HBr

Similar to F., electron attachment to Cl, is a dis- Electron attachment to tlBr will produce Br (All -
sociative attachment process; thus, CI should be the 0.39eV) or ti (All 2.95eV). where the t)E of
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3.75 eV for HlBr (Okabe 1978) and the EA of 3.36 eV 4. Conclusion
for Br (Christodoulides et al 1984) give AH. The elec-
tron attachment cross section of HBr shows that Br - The transient current increases due to photo-
is produced at an energy below approximately 2 eV detachment of negative ions in the discharge media of
(Abouaf and Teillet-Billy 1980) and H- is produced in halogen compounds in N, were investigated using ArF
the 5-11 eV range (LeCoat et al 1982). H- is again or KrF laser photons. The major negative ions in the
less likely to be produced in the N, discharge medium various discharge media are attributed to atomic hal-
because of its high energy threshold. The photo- ogen ions. Our data seem generally to agree with the
detachment cross section measured in the discharge existing experimental data and theoretical calculations.
medium of HBr-N, thus presumably associates with The agreement seems to indicate that the effect of the
Br. Our value at 248nm is close to the measurement electric field on the determination of the photo-
of Mandl (1976) as listed in table 1. At 193 nm. no detachment cross sections is not large. The knowledge
experimental data are available. Our data are again of photodetachment cross sections is useful for meas-
consistent with the theoretical calculation as listed in uring the concentrations of negative ions and for the
table 1. modelling of diffuse discharge switches.
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Electron attachment rate constants of HBr, CH 3Br, and C2H5Br in N2 and Ar
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The electron attachment rate constants of bromine compounds in the buffer gases of N, and Ar
( - 250 Torr) were measured as a function of E/N (or mean electron energy). The measured
electron attachment rate constants of HBr, CH 3Br, and CHBr show maximum values of
1.05x 10- 9, 1.08X 10-'', and 9.3X 10-'" cm 3/s at mean electron energies of 0.55, 0.4, and 0.8
eV, respectively. The electron drift velocities for the gas mixtures of CH 3Br in N, and Ar were
also measured.

I. INTRODUCTION II. EXPERIMENT

The published electron attachment rate constants of The experimental setup has been described in previous
HBr and CH3Br exhibit a large discrepancy. For example, papers." In brief, the gas cell was a six-way, black anodized
the electron attachment rate constant of CH 3 Br at thermal aluminum cross of 6-in. o.d.'The electrodes \xere two parallel
energy measured by Christodoulides and Christophorou' is uncoated stainless-stcel plates of 5 cm in diameter and 2.5
about three orders of magnitude higher than the values given cm apart. The electron swarm was produced by irradiation
by Bansal and Fessenden, 2 Wentworth, George, and Keith,3  of the cathode with a KrF (Lumomcs 861S) laser beam at a
Mothes, Schultes, and Schindler,4 and Alge, Adams, and wavelength of 248 not 5.0eV ). The laser pulseduration was
Smith.' Another example, the electron attachment rate con- about 10 ns with a beam size reduced to 3 mm in diameter by
stant of HBr measured by Christophorou, Compton, and a diaphragm.
Dickson' increases with decreasing mean electron energy, A negative high voltage was applied to the cathode to
indicating that a maximum occurs at thermal energy. This is maintain an electric field between the electrodes. The con-
different from the result of Trainor'and Boness1 that the duction current induced by the electron motion between the
attachment rate constant has a maximum at about 0.6 eV. electrodes ,'vas measured by a transient voltage pulse across a
The absolute value reported by Christophorou and co- resistor (1000 11) connecting the anode to ground. Each
workers' is also quite different from that of Mothes and co- transient waveform \%as monitored by a 150-MHz digital
workers and Trainor and Boness.7 Measurements of these storage oscilloscope (Tektronix 2410). The averaged wave-
electron attachment rate constants are of interest for eluci- form was stored in a microcomputer, and subsequent ly ana-
dating these discrepancies. lyzed. All measurements were performed at room tempera-

The electron attachment rate constants of bromine com- ture.
pounds are also needed for many practical applications. Cur- Diluted mixtures of HBr (2%- 10%) and C.HBr
rent switching due to laser irradiation ofthe discharge media (<3.5%) in N. or Ar were premixed before being intro-
containing halogen compounds has been recently observed duced into the gas cell. The gas mixture in the gas cell was
in our laboratory.' The current switching can be used for the slowly pumped. The purities of N. and Ar (MG Scientific)
development of gaseous discharge switches. Electron attach- were better than 99.999% and 99.998%; and the purities of
ment rate constants over a wide range of electron energy are CH 3 Br and HBr (Matheson) were 99.5% and 99.8%, re-
needed for such development. Also, bromine compounds are spectively. These gases were used as delivered. The C.HBr
often used in plasma etching of electronic materials. The liquid (Alfa Products, better than 98% purity) was kept in a
electron attachment data are needed for modeling of the Teflon bottle inside a stainless-steel container, which was
etching process. continuously pumped for I h at the dry ice temperature be-

The electron attachment rate constants were measured fore it was premixed with N, or Ar.
by a parallel-plate drift-tube electron-swarm technique,
which has been applied to measure the electron attachment III. RESULTS AND DISCUSSION
rate constants of many molecules.' In this paper, we report
the measurements of HBr, CH 3Br, and CH.Br in N2 and Ar A. CH 3Br

at various E//N. The published attachment rate constants of The waveforms of transient voltage pulses observed in
C.HBrarelesscontroversialthanthoseofHBrandCHBr. the CHBr-N. mixture at E/N= 78 Td (1 Td = 10
A comparison between current measurements and pub- V cm-) are shown in Fig. 1, where the partial pressures of
lished data is included in this paper. The electron drift veloc- CHBr were (a) 0 and (b) 2.1 Torr in a total pressure of 255
ities for the gas mixtures of CH 3 Br in N2 and Ar were also Torr. Each waveform is the average of about 90 transient
measured at various E /N. The electron drift velocity of a gas pulses. The voltage shown in Fig. 1(a) decreases slightly
mixture is usually different from that of a pure buffer gas. after the first peak which is probably caused by the loss of
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FIG. 1. The waveforms of transient voltage pulses produced from electron 3

motion in 255 Torr of N. with CHBr (a) 0 and (b) 2.1 Torr. Electrons
were produced from irradiation of the cathode by KrF laser photons. The a

E/V was fixed at 7.8 Td, the electrode spacing was 2.5 cm. and the external
resistor was 1000 fl.

3.

electrons due to back diffusion to the cathode." After the
peak, the voltage remains fairly constant until the electrons 0 -

arrive at the anode. The voltage shows a slight increase be- V 2
fore it drops. This increase is likely due to the increase of - N Q V cr':
electron drift velocity caused by the anode, similar to the FIG. 2. The electron drift velocities in the CH,Br-N- mixtures as a function
effect that electron energy distribution is distorted in the of E/v. The ratios of (CH,Br!/[N, are (a) 0%. (bi 0.35r, and (c
vicinity of anode. " This increase serves as an indication that 0.52%.

electrons arrive at the absorbing electrode.
The value of R used in this experiments was chosen to be

as large as possible in order to improve the signal-to-noise
ratio. However, the peak of the waveform due to back diffu- at lowE/N in Fig. 3(d), which is similar to that of CH,.'
sion is broadened when R is large. as can be seen from Fig. I, The negative differential conductivity (decreasing electron
which could be taken as an indication that the rest of the d ' ,ocity with increasing electric field strength) has been
waveform was also modified. We have performed measure- ohscr\Ld in many gases. Petrovic. Crompton, and Haddad
ments of the attachment rates for several valh, ,f R and have recently explained this phenomena by the combin:tion
selected the largest value for which no changes of the attach- effect of elastic and inelastic cross sections and the threshold
ment rate were observed under condition of the larest dif- energy of the inelastic process. '"
ference in shape between the waveforms with and wttiiout When CHBr was added, the pulse amplitude decreased
the attaching gas. as shown in Fig. I (b). This decrease is caused by the electron

The electron drift time T is measured from the laser attachment to the electronegative gas, which can be used to
pulse to where V(t) starts to drop as shown in Fig. 1. The T determine the electron attachment rate.' The transient vol-
value included the uncertainty caused by electron diffusion
as well as the electrical noise of the laser discharge. The elec-
tron drift velocity is determined by d /T, where d is the sepa-
ration between electrodes. The electron drift velocities for
the gas mixtures of CH 3Br-N 2 and CHBr-Ar were mea-
sured as a function of E/N at different CHBr partial pres-
sures as shown in Figs. 2 and 3, respectively. The uncertainty .

for the measured electron drift velocity is estimated to be - •

about ± 10% of the given value. For pure N,, our data agree
with Lowke's values '2 within the experimental uncertainty. "

For pure Ar, our data agree with the values of Levine and .

Uman, i" and Nielsen"4 within the experimental uncertainty,
hut they are about 15% lower than that of Herreng. i .

When CH 3Br was added to the gas cell, the electron S"'

drift velocity increases as shown in Figs. 2 and 3. The in-
crease of electron drift velocity in N2 is not significant, but -

the increase in Ar is dramatic. The electron drift velocity '

increases with the partial pressure of CHBr. The measure-
merits for the CHBr-Ar mixture were stopped at the E/N FIG. 3. The electron drift velocities in the CI ,Br-Ar mixture as a function
where the ionization started to occur. At high partial pres- ofE/.V. The ratios of ICHBr]IArl are (a) 01-, (b) 0 1611, (c) 0 41c.
sure ofCHBr in Ar, the electron drift velocity shows a peak and (d) 0 81%
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tage induced by electron motion as shown in Fig. 1 (a) can be V(tITT') ] is linear with t even at t = T' as shown in Fig.
represented by 9.0 4(b).

V(t) =f(t)Re WN./d, (1) The measured electron attachment rate increases ap-

where N. is the number of electrons between the electrodes, proximately linearly with an increased partial pressure of

W is the electron drift velocity. d is the electrode spacing. R CH 3Br, but it is independent on the buffer gas pressure. This

is the resistor connecting the anode to ground. fs) is the result indicates that the electron attachment is a two-body
rspose fuctiston onec the teconoste, g nd, t) is the dissociative process so that the attachment rate constant canresponse function ot the detection system, and is the elec- be determined by the ratio of v,/[CH3Br]. Departures from
tron drift time. When CHBr is added, the transient voltage linearity were both positive and negative, and they were

caused by the influence of a small amount of molecular gas
V(t) =f(t)Re -. :.exp( - v,,t)/d. (2) on the electron energy distribution in buffer gases. (CH 3Br is

where v, is the electron attachment rate (frequency) of the a polar molecule and therefore its cross sections are signifi-
mi\XtUre containing CH ;Br. The electron attachment rate at cantly larger than the corresponding cross sections for nitro-
-t lixed Ct-I,3r concentration cn be obtaincd from the slope gen.) To check this effect, the v,/[CHBr] values were

o h'in [ '" (")/ ['() t. measured as a function of [CHBr]/[Ar] and [CHBr]/
V () 1 1(N IV'/,%',, [(3) N.] as shown in Fig. 5. For CHBr-Ar [Fig. 5(a)], v/

hV') ( [CHBrI increases largely with increasing [CHBr]/[Arl,

where the In ( V', V) value is either negative or positive, de- indicating that the electron energy distribution is significant-
pending on the constant of ly affected by the addition of CH 3Br. This concurs with the

In (N:. W'/N, W) -In( W'/W) . observation that the electron drift velocity in Ar changes
dramatically when CHBr is added as shown in Fig. 3. ForFor the case that electron drift velocity is not signifi- CHBr-N_, [Figs. 5(b)-5(f) ].i, /[ CHBr] decreases with

cantly affected by the gas added (see Fig. 1 ), the plot of In crng [ Ft a mean elecree wer
yincreasing [ CH ,Br /[N_, I at a mean electron energy lower

V'(t)/V(t) I vs tisastraight line as shown in Fig. 4(a). For than 0.4 eV. but it increases at higher mean electron energy.
the case of CHBr-Ar (and CH 3Br-N, at low E/N), the The mean electron energies were adopted from the calcula-
electron drift velocity becomes much faster when CHBr is tion of Hunter and Christophorou. " The change of I,/
added (see Figs. 2and 3), and theplot ofln [ V'(t)/V(t)] vs ICHBrI could be used as an indicator for the shift of elec-
t deviates from the straight line when t is close to T', the tron energy distribution (to be discussed later).
electron drift time for the gas mixture. This deviation is the The electron attachment rate constants k. determined
result of the fact that under those circumstances comparison from the extrapolated values of v,/[CHBr] at
in Eq. (3) is made between the points of the waveforms that [CH 3Br] -0 in N 2 are shown in Fig. 6(a) forEIN from 0.5
correspond to different positions of the swarms between the to 10 Td. The k. values are replotted in Fig. 6(b) as a func-
electrodes, and consequently the deviation from the straight tion of mean electron energy. For the CHBr-Ar mixture,
line is the result of comparison between the points corre- the v./[CH3 Br] value at [CHBrI/[Ar] - 0 is very small;
sponding to the second peak on one waveform with a point thus, the k. value cannot be determined with certainty at
that is not on the peak. This effect can be corrected by com- high E/N. The attachment rate constant obtained for the
paring V' and Vat a same position, namely, comparing V'(t)
with V(T/T '). With this correction, the plot ofln [V'(t)/

16 0

98 0 4 O _ ev

0 02 04.

-gb i .1..0 0

-06 -6-- O, 9eV

- Z 077 (C)
% - 08 FIG. 5. The %,,/jCll,BrI %alues

> 1 as a function of [ CH,BrI / (Ar I

. 04,
2 j 0 (a)and CHBrl/ N.l b)-If)

•- - 2,3 at various mean electron cner.
'_ gies.

0 04 08 12 16 _ 8
'"e IMSI 0029 (e)

FIG, 4. The ratios of the transient voltages measured with and without 1
CHBr in buffer gas as a function of the elapsed time after laser pulse. (a) 06
The ratio of the two waveforms in Fig. I where the electron drift times for 014
both pulses are almost the same; b) the ratio of V'(t) (with I Torr of 06
CHBr in Ar) to VOTIT') (pure Ar), with EIN = 0.342 Td and TI 02 0' 6
T'-3.9, where T and T' are the electron drift times without and with 0 04 08
CHBr added to Ar. [CH 0 rl/[N2 ] ('/.
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12 as calculated from the electron affinity of Br (3.36 eV) 2 and

CH3 Sr-N 2  the heats of formation of -0.39, 1.51, and 1.16 eV for

CH3 Br,23 CH3,24 and Br,24 respectively. The small electron

8 attachment rate constant at thermal energy indicates that
this process has a high potential barrier. Wentworth and co-
workers3 determined the potential barrier from the differ-

ence between the repulsive potential curve for process (4)
4 and the zero-point energy of CH3 Br to be 0.25 eV. Petrovi6

*and Crompton ° determined the activation energy from the
Arrhenius plot of k. vs IT to be 0.260 eV, which agrees
with the result of Alge and co-workers5 of 0.30 eV. The cur-0 1 1 1

00 4 8 12 rent data that the electron attachment rate constant has a
--17 . maximum at 0.4 eV are consistent with these early results.

E/N 0 The uncertainty for the heat of formation of CH 3Br is quite

go. high, for example, the value is listed as - 0.20 eV.25 This

' 3at uncertainty may make the calculated threshold energy ap-

C 0 c pear low..1 d As shown in Fig. 5(a), v./[CH3BrI increases with in-
eo0e0 o • creasing [CH 3Br]/ (Ar]. This result indicates that the mean

go electron energy shifts to a low value as the partial pressure of
0 h *CH3Br increases, because at 0.9 eV the k. value increases

- with decreasing mean electron energy [see Fig. 6(b) 1. The
results for the CH3 Br-N2 mixture also suggest that the mean

electron energy shifts to a low value when CH 3Br is added.
This is because v,/[CH3 Br] increases with increasing

0 24 0 12 [CH 3Br]/[N,] when the mean electron energy is higher

Mean EDeciron Energy (eV than 0.4 eV [see Figs. 5(b) and 5(c) ], and vice versa when
the mean electron energy is lower than 0.4 eV [see Figs. 5 (e)

FIG. 6.(a) Electron attachment rate constant as a function of E/N for and 5(f) ]. At the mean electron energy of 0.43 eV, the at-
CHBr in N2.The total pressure of N2 was - 255 Torr. (b) Electron attach- tachment rate constant has a broad peak such that it is not
ment rate constant as a function of mean electron energy for CHBr in N, sensitive to the addition of CH3 Br as shown in Fig. 5 (d). v,,/
(c) andin Ar (d). (e) The thermal energy data given by BansalandFessen- [CH 3Br] in N 2 does not change as much as that of Ar, indi-
den (Ref. 2) and Petrovi6 and Crompton (Ref. 20), (f) Wentworth and co-
workers (Ref. 3). (g) Mothes and co-workers (Ref. 4), and (h) Alge and eating that the mean electron energy is not significantly af-
co-workers (Ref. 5) are also shown for comparison. fected by the added CHBr. This is consistent with the small

change of electron drift velocity N% ien CH 3 Br i; added to N.

CHBr-Ar mixture at E/N= 0.179 Td ((c) - 1.04 eV) is B. H r

shown in Fig. 6(b), which matches well with the data of N,, Since the attachment rate constant of HBr is much larg-

This match has been observed in many gases.9  er than that of the other two gases studied, a smaller amount

The electron attachment rate constants of CHBr at of HBr was used and consequently the effect on the drift

thermal energy measured by various investigators : - ' -2 are velocity was insinificant. The electron attachment rate con-

also shown in Fig. 6(b) for comparison. The recent result of stants of HBr in N, and Ar buffer gases w*1 measured as a

Petrovi& and Crompton2' agrees with the value of Bansal function of E/.V. The electron attachment rate increases

and Fessenden.2 Our result is consistent with these thermal with the HBr partial pressure, but it is independent on the

energy data within experimental uncertainties. The current buffer gas pressure: thus. the attachment is a two-body disso-

result that ka has a maximum value around 0.4eV is consis- ciative process. Similar to the case ofCli Br, v,/[ 1 Br] %a r-

tent with the electron attachment cross section of CHBr ies with [HBr], but the effects are much smaller as can be

which showsa maximum at 0.35 eV. " In contrast, our result predicted from the fact that the drift velocity is not seriously

is quite different from the data ofChristodoulides and Chris- affected. The attachment rate constant of H Br vas deter-

tophorou' in which the electron attachment rate constants mined by extrapolation of v,/[ HBr] at I HBr] -0, 'or

increase with decreasing mean electron energy with a value which the electron energy distribution is associated " ith

as high as 7X 10-1 cm3/s at thermal energy. Their values' pure N. (or Ar). The measured k, altes are sho%% n in Fig.
are larger than the current data by three orders of magni- 7(a) as a function of E/Nand in Fig. 7(b) as a function of

tude. mean electron energ. The electron attachment rate con-

The electron attachment is likely due to the two-body stant has a maximum of 1.06 : 10 " cm','s at 0.55 eV.

dissociative process, The current results agree reasonably well with the data
issociai e roCs, +Br( of Trainor and Boness 7 and Mothes, Schultes, and

CH1 Br -- e-CH3 + Br- . (4) Schindler', which are also shown in Fig. 7(b) for compari-

The thermochemical threshold for this process is - 0.30 eV son. However, the current results are significantly lower
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12 line with this expectation. On the other hand, the result of
oChristophorou and co-workers6' is not consistent with this

expectation.

08 H~r- N2  C.CzHsBr
* For C2H5Br, the electron drift velocity in N2 (or Ar)

did not change significantly when a small amount of CHBr
* was added. The electron attachment rate constants of

, 04 C2H5Br in N 2 and Ar buffer gases were measured at various
'9 " EIN. The electron attachment is a two-body dissociative

Ar process. In contrast to the cases of CH 3Br and HBr, v,,/
________. ___r-_r [C2HBr] does not vary significantly with [C2HBr]. The

2 0 1 8 12 k. values determined by vA/(C 2 HsBrj at [CHBr] -Oare
plotted in Fig. 8 (a) as a function ofE /Nand in Fig. 8 (b) as a

E/N (1017 V-cm 2 1 function of mean electron energy. The data measured by
E

2Christodoulides and Christophorou' at a total gas pressure
,, bi of 400 Torr and the data at thermal energy measured by

* .- Or Bansal and Fessenden2 are also shown in Fig. 8 (b) for com-
si *. *parison. The current results are consistent with these earlier)08L C 0-

d measurements.
e The electron attachment is likely due to the two-body
f • Idissociative process,

04-

* C 2HsBr + e-.C2H 5 + Br- . (7)

The thermochemical threshold is - 0.41 eV as calculated
from the heats of formation2' of -0.64 and 1.15 eV for0 C 2 C,HBr and C,H. Similar to the case ofCH Br, this process

Mean Electron Energy eV) may also have a high potential barrier such that the electron

FIG.7. (a) Electron attachment rate constant as a function of E/N forHBr attachment rate constant at thermal energy is small. The
in N2 and Ar, where the total pressure was -25OTorr. (b) Electron attach- potential barrier could be estimated from the current data to
ment rate constant as a function of mean electron energy for HBr in (c) N2  be smaller than 0.8 eV.
and (d) in Ar. (e) The data reported by Trainor and Boness (Ref. 7) and
(f) Mothes and co-workers (Ref. 4) are plotted for comparison.

than the data of Christophorou and co-workers6 ; for exam- "- J
pie, a value of L.0X 10' cm 3/s was reported at 0.2 eV, L • * * 4
which is about two orders of magnitude higher than the cur- *24,B N2
rent value. The electron attachment cross section of HBr "
measured with electron beam technique by Ziesel, Nenner,
and Schulz 26 and Abouaf and Teillet-Billy2 7 shows a maxi- " v i
mum at 0.4 eV. Our result concurs with these data.

The electron attachment is caused by the two-body dis- . "
sociative process, . i

HBr +e-H + Br- . (5)

The thermochemic-A threshold for this process is 0.39 eV. .

which is the difference between the electron affinity of i- 5

Br(Ref.22) and the dissociation cn'.'rgy of HBr (3 75 eV) '
Other dissociative processes may not contribute significant- . d.

1 to the observed attachment. because they require much ,
higher electron energy. For example, the thermochemical ". f " '

threshold for the dissocianive clccitr'n attachment process, -"

HBr-+ e-H- +Br (6)
is 2.98 eV, where the electron affintiy of H used in the calcu.
lation is 0.77 eV.22

Because the electron attachment process of HBr re- FIG. 8. (a) Electron attachment rate constant as a function of E/N for
quires substantial electron en.rgy, the attachment rate con- C,HBr in N, and Ar, where the total pressure was - 25C Torr. (b) Elec-

tron attachment rate constant as a function of mean electron energy forstant at thermal energy is expected to be small. The value of CHBr in Ic) N, and in (d) At. The data from (e) Ref I. and from (f)
9.6 X 10- cm'/s given by Mothes and co-workers' is on Ref. 2 are plotted for comparison.
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Appendix D

Attachment of low-energy electrons to HCI
Z. Lj. Petrovic,ai W. C. Wang, and L. C. Lee
Department of Electrical and Computer Engineering. San Diego State University, San Diego.
California 92182-0190

(Received 4 February 1988; accepted for publication 26 April 1988)

The electron-attachment rate constants of HCI diluted in Ar and N. were measured as a
function of the reduced electric field E/N. These data were converted to the electron-
attachment cross section of HCI using the electron-energy distribution functions of pure Ar
and N,. The dependence of the electron-attachment rate constant and the mean electron
energy on the fraction of HCI in each buffer gas was investigated. A comparison of the current
result with both available experimental data and theoretical calculations is made.

I. INTRODUCTION The large data scatter of both attachment rate coeffi-

Dissociative attachment of chlorine-containing mole- cients and cross sections can only be resolved by new mea-
cules in gas discharges is frequently used for many applica- surements with alternative techniques. The previous data
tions. This is especially true for excimer (XeCI) lasers, '2  measured by swarm methods at varied E/V are not consis-
plasma etching,"* and possibly optically controlled diffuse tent with the shape of the cross sections obtained by beam
discharge switches." Electron-attachment data are needed methods. The results presented in this paper are consistent
for these applications. with the beam data, which can be used for their absolute

In this paper we present our experimental data for the calibration. Determination of the cross section from our data
electron-attachment coefficients of HCI in dilute HCI-Ar is based on the electron-energy distribution functions calcu-
and HCI-N. mixtures. These data are then converted to the lated for pure buffer gases N, and Ar. We have also analyzed
absolute values of the low-energy-electron-attachment cross the influence of small amounts of HCI on attachment rate
section. Electron-attachment data of chlorine-containing coefficients and mean electron energies in buffer gases in
molecules s are not well measured and the available data are order to justify the experimental procedure.
in serious disagreement.

HCI was experimentally studied several times by both II. EXPERIMENT
s'warm arid beam methods. Earlier publications of the HCI A. Experimental setup
data, which include the work of Buchel'nikova" and Christo- The experimental setup has been described in previous
phorou, Compton. and Dickson, "' were reviewed by Chris- papers. " - Two parallel, flat, stainless-steel electrodes (5
tophorou.1' who measured the electron-attachment rate cm in diameter) were placed 2.5 cm apart inside the acuum
constants of hydrogen halides and their deuterated com- chamber, which was a six-way black anodized aluminum
pounds using N, as the buffer gas. However, their measure- cross 15 cm in diameter (see Fig. I ). Initial electrons were
iricnts covered only relatively low values of E/N. Towards produced by irradiating the uncoated cathode surface with a
the zero \alue of E/.V thev observed an unusual increase of KrF excimer laser beam (Lumonics 86 IS) at 248 nm (.
attachmt.,H. No satisfactory explanation for this effect has eV). Thediameterofthebeam was reduced by an aperture to
beef] given.' 3 mm in order to make sure that the electron swarm does not

Recently, attachment coefficients for nonthermal elec- extend outside the region of homogeneous field. Duration of
irons were measured by Kligler, Rozenberg, and Rokni' the laser pulse is about 10 ns, which is significantly shorter
and Sze. Greene. and Brau'" in HCI-Ar, HCI-N, and HCI- than the transit time ofelectrons. The laser was operated ;1, 5
Ar-H, mixturesas well as in pure tCI by Davies.' Thermal Hz.
attachment rate constants were also measured."" ' These This experiment belongs to the class of pulsed Town-
data are consistent with the results measured by swarm and send experiments. " -' The cathode is connected to a high
beam techniques but are 3 orders of magnitude lower than negative voltage (known to + 1% ), while the anode is con-
the results inferred from the associative detachment nected to the ground through a resistor (R). One option "'is
data. ,S.17.1m to select R to be rather high, which means that RCis greater

Dissociative attachment cross sections were measured than the electron transit time and thus the voltage on the
by beam techniques producing both relative " - - ' and abso- resistor V(t) is proportional to the integral of the current.
lute" 2' values. The general shapes of the electron excitation The other option, which was adopted in the present experi-
spectra are in good agreement, but there is significant scatter ment, was to select R to be low (R = 1000 !1) so that RC is
of the absolute values. Theoretical calculations of the cross lower than the transit time and V(t) is proportional to the
sections agree with the swarm and beam data in shapes, but displacement current between the electrodes. Transient vol-
the absolute values2 2 ' are different by a factor of up to 3. tage waveforms were monitored by a 150-MHz digital stor-

age oscilloscope (Tektronix 2430). An averaged waveform
Permaneni address: Insiliute of Physics. Uniecrsiy of Belgrade. P. O. of at least 100 pulses was transferred to a microcomputer for
Box 57, 11001 Belgrade, Yugoslavia subsequent analysis.
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FIG. I Schematic diagram for experimental apparatus. motion in N. and n 110-.N, rnil ure%. Cur'.e A. () mtorr: Cur',e 11,.30) mtorr.

CurveC, 50 mtorr of H'CI in 245 torr ofN.. F/,V = 9.55 Td (b) In j V'-)
V(tTIT') I between the waveform%, in (a).

In order to avoid a buildup of impurities, loss of polar
molecules due to adsorption, and buildup of excited species o

and issciaionprouct, te gs mxtues ereopeate in Typical voltage waveforms are shown in Fig. 2(a).a flow sy stem. Buffer gases N., and Ar (MG Scientific) of After the maximum is reached, the voltage drops due to
p urities greater than 99.999% and 99.998 % , respectively, b a k d f u i n " " T h ,t e vo ag is p r x m t ly c -

x~er use as eliered HCIwas remxed FIG.wit2He ack-di ffons ofTrahent voltage puss aprouimat~elyecton-

FIGer Scheas d attare fCin was dppiued frtt with nsant (if there is no attachment or ionization as shown in

tMGietifier The ayttsangclir gasow dilters.rthe wh curve A of Fig. 2(a) 1, and as electrons reach the anode, it
eafthe buffergasbyuinue co itin gasflowpecter. Te ue starts to drop again. The small increase and the following

Itan o the mixture wa s ermin ed to a led rapid decrease serve as an indication of the arrival of elec-

molece due tasopresrp ande ed b p of ecibted c trons to the anode, i.e,, the end ofhe drift period (T) whichcapacitance manometer (MKS Baratron), and the uncer-

a of sytem Basu ber ga e s ityad Arlie d ( G Sc e c)Our method for measuring attachment rate coefficients
peurcs grear n 999 andf99.998%, r spectvely is to compare the voltage waveforms obtained under identi-

ereused e (20%) with HeKcal conditions in the pure buffer gas and in the buffer gas
B. Experimental procedure mixed with a small amount ofattaching gas 24--oiat The tran-

The largest experimental difficulty in performing he n curvlag ig2ac d s electr ons a ten itpulsed Townsend experiment with low values of R (i.e., V(t) =a(t)ReWN (t)id, (al

RCd, Iwhere disthe distancebetween electrodes and W wheref(t) is the eiee efunction ofthe detection system, d
is the drift velocity) is to reduce the noise. Therefore, pre- is the spacing between electrodes, and,V, (t)sthe number of
caution was taken to reduce any possible noises especially the electrons between electrodes.n (0i is given by" '

NV. ( t) = (NO/ % 17 I) f 4 z '" exp( 4D(z . dz

puse Tdwnsen d exei ent wit lW vaue of 2d (ie. VU)2 dzex ft)W ,(/d (2)

+J .(4D,. t0" } D, 4,

where the electric field is along the z axis, Der is the iongitudi- or
hal diffusion coefficient, v, is the attachment collision pre- In[ '(t) en(t) elenr,V(0)W'/n.V,(0)/ h u o

quency. and tk is the number ofselectrons produced by laser (4)
irradiathon on the cathode surface.

The ratio of the voltage waveforms for the conditions The attachment rate coefficient can be determined from

with (denoted by a prime) and without attachment is the slope of InI V'(t)/ V(t) ] versus time as shown in Fig.
2(b). where lines B/A and C/A are determined from the

V'()/V() = [,V.(O) W'/N,(O) W ]exp( - i't) (3) ratiosofcurves Band C tocurve A ofFig. 2(a), respectively.
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Under some circumstances, however, the addition of an at- HCI -N2

taching gas may affect the energy balance and/or momen-
tum balance of electrons. Such situations are not desirable,
because it then becomes difficult to assign a known value of

average electron energy (also the attachment rate coefficient -
and electron-energy distribution function) to the E /N value -1 \ C
used in the measurements. Data obtained in argon are sensi- o
tive to the addition of small amounts of impurities. Mo-,t of -
all, drift velocities" can be subject to dramatic changes. In 2
pure argon, the electron-energy balance is determined by 8

elastic collisions that are not very efficient in dissipating en-
ergy, so the mean energy is relatively high. Therefore, even a I
very small amount of molecular gas impurities can reduce
the average electron energy. Since the momentum-transfer 0 . ..... ,
cross section above the Ramsaucr-Townsend minimum 05 1 d 0

changes extremely rapidly, 4 the corresponding effects on W
will be significant."- " Therefore, changes of W, when the FLG.4. Electron-attachment rateconstantsofHClin N.asa functionotfE

attaching gas is introduced, indicate that the electron-energy .v. Curve A. present results: Curve B. Christophorou, Compton. and Dick-ditruta in f is introduc inat italt the son (Ref. 10) Curve C, Kligler, Rozenberg, and Rokni (Ref. 12) Curse D,
distribution function (EEDF) is not identical to the EEDF Sze, Greene. and Brau (Ref. 13).
of the pure buffer gas. However, even under those circum-
stances it might still be possible to perform a meaningful
extrapolation of the attachment data to the zero abundance
of the attaching gas. Under those circumstances, compari- be about 10%) was taken as an indication of sufficient purity

son of the voltage waveforms should be performed attimes of the gas and adequate calibration of the system.

that correspond to the same position of the traveling swarm When the attaching gas was added to the buffer gas,

between the electrodes, that is, the attachment rate coeffi- voltage waveforms changed as shown in Fig. 2(a), curves B

cient is determined from and C. Comparison of the waveforms gave the attachment
rate constant k., for that particular mixture (normalized by

v~t = In[ V'(t)/V(tT/T') I the partial pressure of the attacher). In order to check
- In [ N , (0)W'/N<. (0)w . (5) whether there is any influence of the attaching gas on the

lnfN~(0)EEDF, measurements were performed at several partial

Such treatment gives a linear plot even in the region of non- e ssures r ements some ea m e a t shown patial

equilibrium i.e., at 1z_ T' [see Fig. 2(b) 1pressures, for which some examples are shown in Fig. 3.
Keeping the experimental uncertainty and the statistical

III. EXPERIMENTAL RESULTS scatter of the data in mind, the linear extrapolation to the
zero partial pressure was found to be adequate in all cases.

Voltage waveforms were first measured in a pure buffer Firther discussion of this procedure will be given in Sec.
gas at a given pressure and E/N. Drift velocities obtained IV D. The uncertainty introduced by extrapolation is be-
from these measurements were compared to some available lieved to be within + 5% of the given value.
experimental data, '2,7 and good agreement 4" (to within The electron-attachment rate constants obtained by this
the error boundsof the present technique for measuring W to procedure were found to be independent of the buffer-gas

pressure and laser power, indicating that the data do not
depend on electron-conduction currents. Data for HCI in N,
and in Ar are, respectively, shown in Figs. 4 and 5, together

0)HCI -N 2  b) HCI- Ar

3-E/N=61 Td 2 /N.0 173 Td

2 1 HCO-Ar

E r T0 291 Td

2 2 "i2
11 45T0

2 2 24 Td A/

0 _2 4 6 0 J 2 4 6 o
[HCI , (1l0-4) -4 01 05 5

N2 (10) (Ar E/N(Td

FIG. 3. Electron-attachment rate constants as a function of partial pressure FIG. 5. Electron-attachment rate constants of HCI in Ar as a function of E
of HCI in (a) N, and (b) Ar at varted E/N. .v. Curve A. present results; Curve B, Sze. Greene. and Brau (Ref 13)
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3- / able data in Figs. 4-6. In N. (Fig. 4), the agreement with tie
results of Christophorou, Compton. and Dickson "' is good
above E/.V = 2 townsends (Td), but we do not observe an
increase of k,, at low values of E/N. Attachment rate con-

- 2 stants of Kligler, Rozenberg, and Rokni and Sze, Greene,
7-,, and Brau' are significantly larger than the current data.

ETheir data are significantly larger than the predictions of
7,, C cross sections obtained by beam methods. Apparatuses used

by Kligler, Rozenberg, and Rokni and by Sze. Greene, and

A Brau are quite similar and so is the analysis. Also, bothV,, groups have failed to observe the energy (E /.V) dependence
ofk,, that would be consistent with the shape of the available
cross sections. It is hard to explain the discrepancy, but it is

35 5 possible that some other electron-loss processes \' ere present

S ev in their apparatus. such as losses due to electron drift. In
addition, these authors' observed signiticant dissociationFtG. o. Electron-attachment rate co,tants of ltCl aist atkllnct~oIt Of the ( 50% ) of HCI in their mixtures of several ppm of HCI inl tihe

nican encrg. of the electron swarm with Curve A N. and Cure B Ar as the

buffer gas Experimental data of Kligler. Rozenberg. aid Roknj (Ref 12) buffer gas. Surprisingly, the results for attachment rates in
for Ar-ti. mixture are ,hown as mangle, (C). Ar-H, mixture obtained by Kligler, Rozenberg. and Rokni'

agree in magnitude with our data.
It is not possible to make a meaningful comparison with

the available data for thermal attachment rates ,uch as those
withsomeotheravailabledata. TheupperlimitoftheE/ obtained by Miller and Gould," who hase perl'orned mea-
.V Values was determined by the onset of ionization in the surements in the temperature range 1730-2475 K. While the
buffer gas. Figure b shows the data obtained in N. and Ar as mean energies covered by them overlap \\ itt tK hmean encr-
a function of the mean electron energy. The mean electron gies covered in the present analysis, one ,.'kl c\pect a large
energies Nere calculated as explained in Sec. IV B and were population of vibrationally excited moleclc ,. .od also the
found tobe in good agreement \\ith the results ofHunter and Maxwellian distribution function would be quite different
Christophorou.- from the electron energy distribution function at the corre-

The overall uncertainty of the attachment rate constant sponding E/,V in N.
is estimated to be within + 10% of the given value. It is
difficult to account for each possible individual source of B. Calculation of electron-energy distribution functions
error, and instead a sum of errors is estimated. The main Electron-energy distribution functions (EEDFs) were
causesofdata uncertainty are theextrapolation procedure in calculated from the Boltzmann equation using a standard
conjunction of with scatter of data, a possible weak nonlin- two-term procedure that takes into account superelasic
ear dependence of k. on the partial pressure of HCI (see Sec. collisions. 2 Sets of elect ron-scattering cross sections for N.
IV D). and the determination of the partial pressure. (Ref. 43) and Ar (Refs. 34and 44) were compiled. Inelastic

IV. DISCUSSION processes were also included for Ar, even though in condi-
A. Comparison of experimental data tions of the present measurements their contribution was

negligible.4" Calculations of transport coefficients for pure

Dissociative attachment to HCI proceeds through two buffer gases were in good agreement viuh the axailable ex-
possible channels: perimental data.-" ' Sexeral attachment cros, sections of

HCI + eH + Cl (6) Hunter and Chrstophiorou" '\ere also used To check the
performance of the computer code and tdequacy of the ,e-

Hl -- CI. (7) lected cross sections.
The first process peaks between 0.8 and 0.9 eV and the abso- Our measurements in N. extended only up to 10 Td
lute cross ,e.tions"'-:' were found to be (3.9- Multiterm corrections to mean electron encrg. , :1iid oth-
30) 10 '" cm'. The ion appearance potential was found to er transport coetlicieiits are ery small at these alues '!L '
he 0.64 eV." The vibrationally excited states of HCI have N. Pitchford and Phelps. "" however, found ,hait rate coe,"i-
,,igniticantly l er thresholds, and the corresponding cross ctents calculated by the two-tern. tlicor. ,otld 'e \erv much
sections are more than I (for t, - I ) and 2 (for t, = 2) orders in error exen when other coefficients kcr detimmed icct-
of magnitude larger than the cross section for the ground rately." ' This is the result of the fact that %\ hen the t\% o-term
state.7: 4' Production of H ions begins at higher energies theory starts breaking down. the high-ener, tail of the
with peaks at 7.1 and 9.05 eV (Ref. 21 ) with a maximum EEDF will be affected the most. Therefore. the calculation
cross section of the order of 2 ;. 10 '" cm:. This process is of rate coefficients for processes with tielatic thresholds
outside the energy range of our measurements, and only at significantly higher than (c is the least accurate. This \as
the highest values of E/V in Ar there is some indication of not thccaseinourcalculations formost high E, N data.since
H production. the inelastic energy losses and sometimes even energy corre-

Our experimental data are compared with other avail- sponding to the maximum ofthe cross section were normally
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lower than (0). Thus, k. was determined by the bulk of -C. C. -A

EEDF and therefore subject to inaccuracy due to applica-3
tion of the two-term theory, which is comparable to the mnac- -7,
curacy in (c). At low E/N, the (c) values were significantly T
(up to 4 times) smaller than the inelastic threshold. How- 2 2?t-

ever, at these energies the two-term theory performs very/-
well even for the high-energy tail. Also, the cross sections
were determined from a wide range of data, so we can con-
clude that our results are not affected by the breakdown of-
the two-term theory. 3S±7 1~ .. I

It is generally believed that the two-term theory is appli- '0 ,

cable for pure atomic gases wvell below the onset of inelastic FG7Cmaio ewe leeprncnidt n h acltdvl
processes.4 7 Although the calculation of the transverse diffu- ties 7sn cosscinsoI het nic h%. eeircld and thseN calculated' 51al-
sion coefficient was recently questioned.," such effects Cuis e 1). PB scalted h 0 0: CLII C C. 1't) scaled h, 0).t7 , Curse D, smoothed

would riot affect"' our calculations. Finally, it should be niot- Present rcsiil that fit, oh lh ross 'ci on sh(,niFig. S The present

ed th-lat in orider to make a comparison with the data of cspernmeiital data ot ICI i N 1ocic in (a) a nd tICI in :%r [circles inl

Klialer. Rozenberg, and Rokni (see Fig. 6). mean electron h r h' tfrciprsi

energies in the 51-1 H.-Ar mixture were calculated using the
best available set of cross sections for low-energy electrons in
if, ( Ref. 50). the cross section oftierante and Bardsle ifi educed by a

faictor of 0.0-0.7 is conststent \% tth our expelrimental data.
C. Electron-attachment cross section Numerous attemipts, wcre made to produce a cross section

Recenitix. anatahses of electron transport ill pure IICI and th[lltwould fit thle cxpcrittetttal data e' et better. Hoth direct
I's rut ures 0f1,40 have been performed by Dax ies"' and bY modificat ions of' the i nil i;! cross sectiton and the -automat-

Penet ratle and llaidslevl. DaviCs used at I xo-t(erm solutiton IC .. 1tih'Oil" tig ptCcdLW ft c Christophioroti. NeC orkie. ad
to thle liolittann equat ion, while Penet ranite and Bardsle\ A ttderM itt ercle 'i p d. VTe hest lit (see HE2. 7) was oh-
applted the Monte Carlo procedure. In both cases, the ranges talled b\y tlte cross, sectitn shox% ti in Fig. 8. where tire cross
of transport coetficients (k, and W for pure HCI and k, for section peaks betwcen 0.88 and 0.9) eV.
HCI-N, mixtures ats measured by Ste. Greene. and lirau" The ntaxinmum attachment cross section is
and Kligler. Rozenberg, and Rokni) were, howev er, insuf- 0.126 . 10 "' cm'. which is in good agreement with the
ticictit to determine the entire set of electron -scattering cross theoretical calculations of' Fardslev and Wadehra' (0. 12)
secttons uniquely. Nevertheless, thre mixture data provide a aitd the beami data of' A/ria cf al.' 1(0.089). However, our
suifficient basts to determine uniquely the absolute values of value is sionificantl\ lowecr than the results of Orient and
the electron-.tttacliment cross section. On the other hand, it Srivastavaw (0.26) atnd Christophorou. Compton, atid
was found b\ Penetrante and Bardsley"t that attachment
rates tn pure HCI are very sensitive to the vibrational excita-
tion cross section. These authors had to significantly in-
crease the vibrational excitation cross sections of Davies in
order to fit both the attachment rates in pure and gas mix-
tUres ot HCI. Alterations of the attachment cr~oss section had
little effect on thle corresponding rates in pure HCI due to aI
"hole-hurntng" effect at the local minimum of the EEDF. J 2
The detenitnattimn of the cross section tor attachment onl the -

hasis of the 11IisNc daia does not suffer from this problem
stnce the energy and the momentum balance are determtited ,

:tttxby the buffer gas (while HCI conttrols the nutnber
Th~s mtakes the mixture technique suitatbl for till:

detcrtitinattoit oftite attachment cross section.
ltthe atcc~~nalvsis, we have attempted to dcitertnitt-
It !e ,tttac li in t cross section fronm our e.'pertmeni.l

d.tti. As expcted. tilte calculated attachmetnt rate constattt
;sndte ciiss sect ott of Peneitrante and Bardsle\" a r.

ItiuIc1 latrger thain our results (see Fig. 7 ). Sealing their cross
sccttott by 0.6 gives results in excellent agreement wtith thte

data in pure Ar and in N. below 4 Td However, the dis-
agreement wvith the data in N. above 4 T~d exceeded lie ex- 1-1 tS i I )CLI ~F.1 mii.in~hicni cr.ss sections ot'HCI Ciir'e

perimental uncertainty. Scaling by 0.67 improved the agree- prenreutoaid rmnodnofhmauedtetnatchmrent raecntit.Cart . B. Peetat tdBardslev ( Ref. 51t), Curve C.
ment at higher E /.V in N,, but the agreement below 4 Tdi in ttardslev and Wadehi. t Rct 22). Curte D. Orient 'and Srivastava (Ret'

Awas not as good. Nevertheless, it can be concluded that 21 ); Curve E. Iluchel itikita fRef 9Ii
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Dickson"' (0.20), but it is higher than the results of ) (b)

Buchernikova' (0.04). Structures (steps) predicted by the- E/N=0658Td E/N=0658Td

ory22-2' could not be clearly resolved by swarm measure- 2 2

ments. At low mean electron energies (measured in N,), the
experimental data are systematically higher than calculated - 0291 d - 0291 td

values. The discrepancy was resolved by adding a "foot" of E 2 .. .0. .. 2

0.01 x 10- cm- to the cross section starting at 0.45 eV. 1-
Nevertheless, even in the case that the attachment at the low O T

E/N is totally attributed to the excited molecules, the influ- 2 0d

ence on the attachment rate at the higher E/N should be ...,
negligible.

0 2 4 6 0 2 4 6

0. Influence of HCI on EEDF in buffer gases JHCL1 (1O-1)

Measurements of attachment rate constants were per- jAr]

formed for several abundances of HCI in order to be able to FIG. 10. Calculated intluence of the addition of tIC) to Ar on (a) the at-

extrapolate to zero HCI pressure (see Fig. 3) and conse- tachment rateconstant,,and (b) themeanenergy ofclectrona,,afunction

quently use the EEDF of pure buffer gases in the analysis. of the fraction of [HCI I/[ArI at varied E/N.

Especially, results in argon are affected by the addition of
small quantities of molecular impurities. Helium, which was
used to premix HCI (ratio 80% He-20% HCI), could not
affect the EEDF in pure Ar at the abundances used (10-4). pies of the calculated k. values at fixed E/,V and varied
As shown in Fig. 3, addition of HCI can lead to a decrease of [HCIJ/[ Ar] are shown in Fig. 10(a). Calculations predict
k if (E) is below the energy corresponding to the peak cross change of the sign of the slope at E IN = 0,29 Td. This calcu-
section and an increase of k if (e) is larger than the peak lated result is in excellent agreement with experimental ob-
value. If(E) isnear the value corresponding tothe peak cross servation as shown in Fig. 3. This calculation supports that
section, k. could be relatively independent of [ HCI 1. Theo- the linear extrapolation method is valid even in the case of
retical calculations were performed to compare with experi- low E/N where k. is very sensitive to the addition of HCI.
mental observations. Linear extrapolation will not lead to errors larger than the

In argon, HCI has a large effe;t n , me EEDF in a wide claimed experimental error bounds. At a fixed E/N, the
range of E/N. Theoretical c' u' ,ons of the attachment mean electron energy will decrease monotonically with in-
rate constants and the mean elet.tron energies as a function creasing [HCI]/[Ar] as shown in Fig. 10(b).
of E/Nat varied [HCIII[Ar] are shown in Figs. 9(a) and The influence of HCI in N, is smaller than that in Ar,
9(b), respectively. Th cross sections for HCI of Penetrante though it is observable at lower values of E/N for abun-
and Bardsley -' were used, but the calculated EEDF was con- dances of the order of 10- ' as has been already shown by
voluted with the :ross section obtained here to calculate k.. Penetrante and Bardsley." This is so because even though
Below 0.2 Td. the k. values decrease monotonically with the N, is a molecular gas and has a large vibrational excitation
addition of HCI, and above 0.4 Td, they increase monotoni- cross section, HCI (as a moderately polar molecule) has
cally. Relatively small changes of k,, can be expected much large cross sections both for momentum transfer and
between 0.2 and 0.4 Td, showing a maximum for a certain rotational and vibrational excitation, which could be espe-
abundance of HCI corresponding to (e) being approximate- cially important for energies below the onset of resonant vi-
ly equal to the energy for the peak cross section. Some exam- brational excitation of N,.4  Nevertheless, the influence is

small enough to justify linear extrapolation.

V. CONCLUSION

3 ~Experimental data for the electron dissociative attach-
(a) HCt - Ar 1(b) HCI- Ar ment rate constant of HCI are presented in this paper. Mea-

- A surements were perfomed with dilute mixtures of varied
2- . 2, [HCI] in Ar and N. The attachment rate constants ob-

S 0C .. ''. tained by linear extrapolation of the measured values to the
zero HC1 abundance were converted to electron-attachment

-E cross sections using the electron-energy distribution func-
F'.'

I tions in pure Ar and N,. The peak value of the cross section is
0 ,,,I . l , ... 0.126× 10- " cm 2 at the mean electron energy around 0.9

01 05 0 o1 05 'o eV. The absolute value is in agreement with one set of beam
E/N (Td) E/N (d) data" and some theoretical predictions2 2 but in disagree-

FIG. 9. Calculated influence of the addition of HCI to Ar (a) electron- ment with other'sets of data. No evidence of significant at-
attachment rate constants and (b) mean electron energy as a function ofE/ tachment at low values of E IN was found.
,V. Curve A, JHCII/[Arl =0; Curve B. 0.Sx 10 ', Curve C. I x10 ;

.

Curve D, 2x 10 '. Curve E, 3x 10 '. Curve F. 4x 10 '. Curve G, Further work is required before a full set of electron-
SIO 4 scattering cross sections can be obtained. These should in-
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Appendix E

Electron attachment rate constants of SOCI 2 in Ar, N2, and CH 4
W. C. Wang and L. C. Leeal
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The electron attachment rate constants of SOCI, in the buffer gases of Ar, N, and CH 4 ( 150
to, 500 Torr) at various E/N ( 1-15 Td) were measured by a parallel-plate drift-tube electron-
swarm technique. Electrons were produced by irradiating the cathode with KrF laser photons.
For the SOCI,-Ar mixture, the electron attachment rate constant has a maximum value of
6.2 X 10- ,o cm'/s at E/N = 4 Td. For SOCI, in N,, the electron attachment rate constant is
1.25x 10-" cm3/s at E/N = 1.3 Td, and decreases with increasing E/N. For SOCI in CH4,
the electron attachment rate constant is 4.8 > 10- cm 3/s at E/N = I Td, and decreases with
increasing E/N. For every gas mixture studied, the electron attachment rate constant is
independent of buffer gas pressure, indicating that the electron attachment to SOCI, is due to a
dissociative process. The electron attachment processes in the studied gas mixtures are
discussed.

I. INTRODUCTION tron motion near the cathode was excluded from the data

Recently, we have observed that the conduction current analysis, so the measured electron attachment rate is due to

in a glow discharge of SOCI,-N, mixture can be reduced SOCI,. only.

when the gas medium is irradiated by ArF laser photons. A negative high voltage was applied to the cathode to
The current reduction may be caused by enhancement of the maintain an electric field between the electrodes. The con-

electron attachment rate due to the Cl and SO radicals, duction current induced by the electron motion between the

which are produced from photodissociation of SOCI, by electrodes was measured as a transient voltage pulse across a
ArF laser photons. This result indicates that SOCI, may be resistor (33-2000 fl) connecting the anode to ground. Each

useful for the development of laser-controlled opening transient pulse was monitored by a 150 MHz digital storage

switches. The electron attachment rates for SOCI, in various oscilloscope (Tektronix 2430) and was subsequently stored

buffer gases provide the basic information needed for such in an IBM-XT microcomputer. The data were analyzed by

application, and motivate us to perform this investigation, the computer.

A parallel-plate drift-tube electron-swarm technique Pressure in the gas cell was kept constant (monitored by
has been used in our laboratory to measure the electron at- an MKS-Baratron manometer), while a slow flow of gas,

tachment rate constants of several molecules. ' The elec- - 20 cm 3/min, was maintained. All measurements were per-

t ron attachment rate constants of SOCI. in Ar, N., and CH4  formed at room temperature, 23 *C. All gases were supplied

at \ aried E /N are reported in this paper. These data are not by MG Scientific and were used as received; purities of the
yet available in the literature. The electron attachment pro- Ar, N, and CH4 were better than 99.998%, 99.998%, and

cesses of SOCI, in various buffer gases are discussed based on 99.99%, respectively. Thionyl chloride (99% purity) was

the experimental data measured. supplied by Fisher Scientific.
The thionyl chloride liquid was stored in a glass bottle

II. EXPERIMENT inside a stainless steel container. The thionyl chloride vapor
was carried into the gas cell by a buffer gas, Ar. N., or CH4 .The experimental setup has been described in previous The concentration of SOCI. was determined from the ratio

papers. " In brief, the gas cell was 6 in. six-way aluminum of SOc1 vapor pressure (110 Torr at 23 C) to the carrier

cross. The electrodes were two parallel uncoated stainless gas pressure ( at e wer ao mae byrre-

steel plates 5 cm in diameter and 3 cm apart. The electron mixesur in ariou beases ee mixture

swarm was produced by irradiation of the cathode with a w ined oc nrios f sse. Res obtie fro
KrF ( Lumonics model 861S) laser beam of wavelength 248 weldfndccntaisofSC.RsusobiedrmF (Lu.onics.moel8IS) laser bulseraof waveleth 28 different methods of mixing gases do not show a difference.
nm (5.0 eV). The laser pulse duration was about 10 ns. Temjrdsovdiprt nSChsbe eotdt
These photons are energetically capable of dissociating The major dissolved impurity in SOCI., has been reported to
Tese phtosiae oftelsergeta caablreded o oc g be SO,'; however, the attachment rate constant for SO, is
radius Tuche siz ofly t smlerbamion wa r ee to. cm much smaller than that for SOCI,,4 so the effect of possible
radius suchSO, impurity on these measurements should be negligible.
ode was irradiated by laser photons. This small beam size O
confines the laser-produced photofragments (such as SO, 11. RESULTS
Cl, and Cl,) to a small region around the cathode. The elec-

A. SOCI 2-Ar mixture
The electron transient waveforms for the SOCI,-Ar

- Also, Department olChemistry, San Diego State University. mixtureat E/.V = 0.26Td c( I Td = 10 "V cm') areshown
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FIG. 1. The waveforms of transient voltage pulses produced from electron 0 0

motion in 390 Torr of Ar with SOCI, (a) 0. (b) 23 mTorr. and (c) 50 0
mTorr. Electrons were produced from irradiation of the cathode by KrF
laser photons. The E/.V was fixed at 0.26 Td. The electrode spacing was 3 2 2
cm. and the external resistor was I K l. 2

shown in Fig. 1, where the pressure of Ar was 390 Torr, and 0.
the pressures ofSOCl, were (a) 0, (b) 23, and (c) 50 mTorr. 00 2 4 6 8
Each waveform is the average of 64 pulses which were cap-
tured by the digital storage oscilloscope. As can be seen from E / N (Td)
Fig. 1 (a) (with only Ar in the gas cell), voltage decreased FIG. 2. Electron attachment rate constant as a function of E/.V (bottom
rapidly after the first peak. This is probably due to the loss of axis) and mean electron energy (top axis) for SOCI, in At. The Ar pressure

electrons by back diffusion to the cathode.' After the peak, was 390 Torr.
the voltage approached a nearly constant value until the
electrons arrived at the anode, where the voltage dropped to
zero. The voltage shows a slight increase before it drops. proportional to the partial pressure of SOC1, but indepen-

This may be caused by the effect of electron diffusion to dent of the total pressure. This shows that the electron at-

absorbing anode; namely, the distribution of electron num- tachment is a two-body dissociative process. The electron

ber density and the mean electron energy in the vicinity of attachment rate constant, k. , of the two-body process is de-

the anode will be distorted by the presence of anode. ' Since termined by v,/ [ SOCI, I, when [SOCI, I - 0. It had been

this increase of voltage (near the anode) occurs both in the shown 2"- ' '1 that a small fraction of impurity added to Ar

gas systems with and without electron attacher, it should not gas may affect the electron energy distribution function and

affect our data analysis. In fact, when we take the ratio of hence the electron drift velocity. The increase of electron

transient voltages with ( V) and without ( V,) SOCL as a drift velocity caused by adding SOCI, to Ar was observed in

function of time, a linear dependence of In( V/V,) on time this experiment. The measured k. values also decrease with

can extend to the region where the second bump occurs. increasing [SOC1,]/[Ar] because of the effect of SOCI on

Nevertheless, for most of our data analysis, only the flat por- the electron energy distribution. Nevertheless, the Sod.
tion of the transient voltage is considered. partial pressure we used was limited to a small value (0-50

When small amounts of SOC1, were added to the gas mTorr), thus, the variation of k, with [SOCI,]/[Ar] is

cell, both pulse duration and amplitude decreased as shown within the experimental uncertainty estimated to be - 20%

in Figs. 1(b) and 1(c). The shortening of pulse duration is of each given value.

due to the increase ofelectron drift velocity, and the decrease The k, values measured at various E /.V at [ SOCI, /

of amplitude is caused by the electron attachment to SOCI.. [ArJ -0 are shown in Fig. 2 for an Ar pressure of 390 Torr.
This interpretation has been extensively discussed in pre- Th scale ofthe mean electron energy, (c) is also shown on

vious papers. "- the top axis of Fig. 2. The mean electron energies used here
The electron attachment rate, v., at a fixed SOCI, con- were calculated by Christophorou and Hunter'- " who used

centration is obtained from the slope of In( V/V,) vs time a numerical method to calculate the electron energy distn-
which has been previously described in detail. ' Only the bution function f(eE/N) in Ar (and N.). The electron
flat portion of the trace was used for the data analysis (the attachment rate constant reaches a maximum value of
first peak and the tail were avoided). For example, ratiosfor 6.2x 10 "'cm'/satE/.X = 4Td ((0 =4.5eV). Theelec-
the % oltages in Fig. I were considered only from t = 4 to 8 js. tron attachment rate constants were also measured at differ-
At this time interval, the conduction electrons are far away ent Ar pressures. and the results are similar to those showkn
from thc region irradiated by laser, so the possible interfer- in Fig. 2.

ence by Cl and SO radicals (which may be produc.ed by
photodissociation of KrF laser photons) is avoided. Thus, B. SOCl 2-N 2 mixture

the measured electron attachment rates are caused by SOCI The measured electron attachment rate is proportional
only. to the partial pressure of SOCI but does not depend on the

The electron attachment rate was found to be directly N, pressures from 150-500 Torr. This showvs that the elec-
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FIG. 3. Electron attachment rate constant as a function of E/N (bottom tron attachment rate constants in both SOCI,-Ar and
axis) and mean electron energy (topaxts) forSOCIin N,.TheN, pressure SOCIl-N, mixtures as a function of the (e) parameter. As
was 475 Torr. shown in Fig. 5, the k, values of SOC1. in N. buffer gas

match with the k. values of SOCI, in Ar buffer gas. A similar
case was observed in C,F 5

1 '' whose electron attachment
tron attachment is a two-body dissociative process. The rate constants, measured in N. and Ar buffer gases. are well
measured k. values for the SOCI,-N. mixture are shown in matched. For the Cl, buffer-gas, however, the real mean
Fig. 3, where the N. pressure is about 475 Torr and the E /V electron energies at various E /N are not calculated yet. The
is in the range of 1-8 Td. The inean electron energy in N. is electron energy distribution of the Maxwell function in the
also shown on the top axis of Fig. 3. Again, the mean electron mean electron energy calculation is quite different from that
energies used here were given by Christophorou and Hunt- of N, or Ar. So, it is not appropriate to compare the data
er'' -" who used the calculated f(E,E/N) in N. to obtain derived from the SOCI.-CH4 mixture with that of the
(c) at various E /N. The attachment rate constant is about SOC1,-N. or SOCI,-Ar mixture. The data obtained from1.25S o-rcm'/sat EAN = 1.3mTtu (T = 0.4eV),oand de-
cre25e wt ncrsi EN .3 Td( 04e)the SOCI.-CH4 mixture are thus not included in Fig. 5.
creases with increasing E/N. The electron attachment rate constant of SOCI. vs the

C. SOCI 2-CH 4 mixture

Similar to the results obtained in the Ar and N, buffer
gases, the electron attachment rate is proportional to the
partial pressure of SOCI, but does not depend on the CH 4

buffer pressure (varied from 150-500 Torr), indicating that , 10 A

the electron attachment is a two-body dissociative process. E
The electron attachment rate constants for the SOCI.-CH4  oD

mixture are shown in Fig. 4 forE IN from I to 15 Td and for 2
two different pressures of CH. The mean electron energies
in CH4 are shown on the top axis of Fig. 4. (The mean elec- A

tron energy in CH 4 for E IN higher than 12 Td is not avail- A A 9

able.) It should be noted that the mean electron energy in '

CH4 is calculated from (e) = 3(eDL/yu)/ 2 by the assump- "- 0 0

tion that the electron energy distribution is a Maxwell func- •

tion where DL I/, is the ratio of lateral electron diffusion
coefficient to electron mobility.' 2 As shown in Fig. 4, the
attachment rate constant is about 4 8X 10- ' cm'/s at E/ 1
N = I Td, and it then decreases with increasing E/N. 0 2 4 6

IV. DISCUSSION 4ean Electron Energy 6 E> (eV)

Since the electron energy distributions in Ar and N, are FIG 5. Electron attachment rate constant as a function of mean electron

similar,"' 'it may be appropriate to characterize the elec- energy for the SOCL.-N. (A) and SOCI-Ar (0) mistures
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SO2C - cesses and dissociative attachment processes of SOCI, are
shown in Fig. 6.

4 The energy threshold of SOCI -i- CI- is about 0.8 eV

SO- 2C1 below the ground state energy of SOCI, indicating that the
electron dissociative attachment could occur at thermal en-

" SOCICl - ergy. This explains our observation that the electron attach-
"-__ment at low electron energy is a two-body dissociative pro-

2 cess with a high attachment rate constant. The CI- - SO
Iprocess also requires no electron energy to occur, except for
>1 S0-C12 __ the possible potential barrier. Since process (8) has high

C'0CfoSO exothermic energy and the electron energy in the buffer gas
, of CH, or N, is low, process (8) is probably the main elec-

o 0 SOC 22 C- 2 'SO tron attachment process occurring in the SOCI,-CH, and
SOCI.-N, mixtures. A similar case was observed in the Cl-
N, mixture by McCorkle et al.. " where the electron disso-

C- --01 ciative attachment rate constant has a maximum of about
0.07 eV and decreases with increasing mean electron energy.

The electron attachment rate constants of SOCI, in-
crease when (e) > I eV as shown in Fig. 5. This increase is

FIG. 6. Energy thresholds for the dissociation processes (left) and the elec- probably caused by the dissociative attachment processes

iron dissociative attachment processes (right) of SOC,. (4)-(6). Processes (7) and (8) are responsible for the at-
tachment at the thermal energy and they will be less impor-
tant at the high electron energy. This is evidenced by the fact

mean electron energy (shown in Fig. 5) has a peak at the that the thermal electron peak rapidly decreases with in-
thermal energy and a broad band with a maximum at 4.8 eV. creasing electron energy. Because the energy thresholds for
This result indicates that the electron attachment is due to at processes (5) and (6) are about I eV above the ground state
least two different dissociative attachment processes. (Note of SOCI,, these processes are likely responsible for the elec-
that the attachment is attributed toadissociative attachment tron attachment at electron energy higher than I eV. For
process because the electron attachment rate constant is in- electron energy higher than 3.6 eV. process (4) will provide
dependent of the buffer gas pressure.) The attachment rate an additional attachment channel to enhance the attach-
constant for the thermal energy electron is higher than the ment rate. For electron energy higher than 4.8 eV, the at-
higher energy one. The electron attachment process is dis- tachment rate constant starts to decrease; this may be caused
cussed below. by the electron energy moving away from the energy range

When SOCI, is excited by photons or electrons, it may where the attachment processes are available. The next high
be dissociated into the following products: -energy process is Cl, + S -4- 0 whose energy threshold is

SOC, - C12 + SO (1) 5.3 eV, where D(S-O) = 5.34 eV is used to determine the
threshold. This high energy process may have a small elec-

SCl + SOCI (2) tron attachment rate, because the attachment rate constant

-2C] + SO. (3) at the energy higher than 5.3 eV is small.

The thresholds for these processes can be determined from
their dissociation energies. The dissociation energy for V. CONCLUSION
D(CI-SOCI) was calculated by Sanderson " to be 2.86 eV. Electron attachment rate constants of SOCI, in Ar. N..
The dissociation energy for D(SO-2CI) is 4.70 eV. i Using and CH, were measured at various E/.V (or mean electron
D(CI-CI) = 2.52 eV," s the dissociation energy for D(SO- energy). The electron attachment rate constant has a maxi-
Cl,) is 2.18 eV. mum at the thermal energy and a second maximum peak

The thermochemical energies for the electron dissocia- around 4.5 eV. The dissociative attachment processes of
tive attachment processes of SOCIh can be calculated from CI- + SOCI and Cl, + SO are likely to be the dominant
the dissociation energies as follows: processes for low energy electrons. For high energy elec-

SOCI, + e-SO- + 2CI - 3.6eV (4) trons, the dissociative attachment processes of
Cl- + C1 + SO, SO- + Cl., and 2C1 - S0 become im-

-SO- + Cl, - 1.1 (5) portant.

-CI -+ C1 + SO - 1.0 (6)
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Appendix F

Dissociative electron attachment to some chlorine-containing molecules
Z. Lj. Petrovit a W. C. Wang, and L. C. Lee
Molecular Engineering Laboratory, Department of Electrical and Computer Engineering. San Diego Sate
University. San Diego. California 92182-0190

(Received 9 September 1988; accepted 7 December 1988)

The electron-attachment rate constants of CHCI, CH 5 C1, and C.HCI in N, and Ar were
measured as a function of reduced electric field (E/N). These data and the previous data of
SOCI, and CCI,F. were converted to the electron-attachment cross sections as a function of
electron energy. The present results are compared with existing fragmentary data. The
dissociative electron-attachment processes of the studied molecules are discussed.

I. INTRODUCTION ment cross sections in an electron beam experiment. They

Dissociative electron attachment to chlorine-containing found a nonzero cross section at zero energy. This disagrees

oleculcs in g.,s dischargcs is of importance for many appli- with the findings of Illenberger et al. '' and Novak and Fre-

cations. such" as excimer (XeCI) lasers,' plasma etching,2  chette -l"i who analyzed the electron transport coefficients

ionospheric chemistry.' gaseous dielectrics," and optically in pure CCI.F, and in mixtures. A similar analysis was per-

controlled diffuse discharge switches. • Modeling of dis- formed by Okabe and Kuono,2  who found that the elec-

charges requires a large number of parameters, and data for tron attachment cross section of Pejcev eta!. ' was consis-

the most important processes are lacking. Electron attach- tent with their experimental results, even though the

ment data are needed for the studN of dissociation processes, ionization cross sections measured by the same apparatus

-;pace charge, and field distribution as well as electron kinet- was too large by a factor of 10. It may be concluded that the

ics leading to gas breakdown and discharge formation. order of magnitude for the cross section of CClF_ has been

The experinmental data for the electron attachment rate established, but a serious discrepancy exists for the energy

constantsofCIICI (methylchloride),CHCl (ethylchlori- dependence. The electron attachment rate constants for

de).and C1 I,Cl (\inylchloride) diluted in argon and/or ni- CCIF, in Ar and N, were measured by Wang and Lee." and

trogen arc presented in this paper. I hese data and previously their data are converted into cross sections here.

published data of SOCI, (Ref. 8) and CCIF. (Ref. 9) are It has been suggested that discharge switching can he

converted to the absolute values of low-energy-electron-at- achieved in CCI.F_ and CH,CI (Ref. 9) as well as in SOCI,

tachment cross sections. The electron attachment data of (Ref. 24) by photodetachment of electrons from Cl ions

chlorine-containing molecules are scarce, and data that are induced by excimer laser photons. The published electron-

availablc are in serious disagreement."' attachment rate constants' for SOCI, in Ar and N. are con-

In the case of bromine containing-molecules,"'" the verted to electron attachment cross sections in the present

measured electron attachment rate constants of CHCI and analysis. No other data are available for comparison.

C,H, Cl are scattered over several orders of magnitude. 1E'I'M
The most detailed siudy was performed by Schultes etal. 1.14 II. EXPERIMENTAL
using an electron cyclotron resonance technique to deter- The experimental setup has been described in previous
mine the thermal-electron-attachment rate constants. They papers."' .2" Two parallel, flat, stainless steel electrodes (5
measured the rate constant for C.HCI, but only gave the cm in diameter) were placed 2.5 cm apart inside a 15 cm i.d.
upper limit values for CH,CI and CHSCI. Rossi etal.'5 mea- vacuum chamber (a six-way black anodized aluminum
sured the electron-attachment rate constants of CHCI di- cross). The initial electrons were produced by irradiating
luted in He. The electron-attachment rate increases dramati- the uncoated cathode surface with a KrF excimer laser beam
cally, when C.H,CI is photodissociated by excimer laser at 248 nm (5 eV). The beam diameter was reduced by a 3
photons to produce the highly excited HC1 molecule.' This mm aperture to make sure that the electron swarm did not
phenomenon was applied to develop a fast diffuse discharge extend outside the region of the homogeneous field. The la-
opening switch by Kobayashi et al.' Chantry and Chen" ser pulse duration was about 10 ns, which was significantly
measured the electron attachment cross section of this mole- shorter than the transit time of the electrons. The laser was
cule as a function of temperature by a beam technique. The operated at 5 Hz.
cross section increases dramatically at low electron energy This experiment belongs to the class of pulsed Town-
when the temperature is increased.' 6  send experiments.' The cathode is connected to a high nega-

A large number of data exists for electron attachment to tive voltage, while the anode is connected to ground through
CCI,F. McCorkle etal." determined the cross section from a resistor. A low value resistor ( 1000 11) is selected so that
unfolding the attachment rate constants of CCI.F. in N, up resistance--capacitance (RC) will be lower than the transit
to I eV. Pejcev et al. " measured both ionization and attach- time and V(t) will be proportional to the displacement cur-

rent between the electrodes. Transient voltage waveforms
Permanent address. Instituteof Physics. UniversityofBelgrade. P.O. Box were monitored by a 150 MHz digital storage oscilloscope
57. tOI1t Belgrade. Yugoslavia. (Tektronix 2430). An average waveform of at least 100
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pulses was acquisitioned by a microcomputer for subsequent (a) (b)

analysis. 3 3 19- Td

The purities of buffer gases N, and Ar (MG Scientific) 2Td 2

were better than 99.999% and 99.998%, respectively. At- o,_

taching gases (research grade) were purchased from Mathe- ,
son and diluted by premixing (5000 ppm CH 3CI in Ar) or E ~-tes The gasse 0.49Td

by mixing through the calibrated flow meters. The gasses ' 6-_5Td O___-,

were used as delivered. Uncertainty of the mixture composi- ,
tion was anticipated to be less than 3%. Gas pressure was c 2- 5 -

determined by a calibrated capacitance manometer (MKS 1OTd

Baratron), and the uncertainty of the gas number density is -. 2OFTd

believed not to exceed +- 0.5%. All measurements were per- 4- 4

formed at room temperature (295 + 2 K).
Typical voltage waveforms are shown in Fig. I of Ref. 8.

and therefore further explanations will not be given. Our -2 0 2 4

method of measuring attachment rate constants is to com- --
pare the voltage waveforms (obtained under identical condi-
tions) in pure buffer gas and in buffer gas mixed with a small FIG. I Icpcitcl c cr iiiir-.u;iciiiCii 1 taic u.n,.raii ul . It (l'I

amount of attaching gas.25' 62' The procedure for data ac- abunidance in (a) N. anid (hi Ar

quisition and analysis has been described in previous pa-
pers. 2" ' In order to avoid the errors that could be caused by
the influence of the added attaching gas on drift velocity,-" moderately polar, their dipole moments are of the s,,e ,,r-
the attachment rate is determined from the ratio of electron der as that of HO. Therefore, they can affect the momentum
densities at the same position between the electrodes (i.e., and energy transfer even at the level of 1% I, ' ' because their
normalized by the electron transit time). 2 t' cross sections for momentum transfer and rotational excita-

tion increase rapidly towards zero energ.. ' Their influence.
III. EXPERIMENTAL RESULTS however. diminishes rapidly at the higher energies, because

To ensure that reliable data were obtained, all the pre- the inelastic cross sections for N, become sufficientlv large
cautions as explained in our previous papers were performed to account for the majority of energy loss (and the same is

(i.e., comparison of drift velocities in pure buffer gases, true for momentum balance) In accord %% ith this, the uncer-
etc.). When the attaching gas was added to the buffer gas, tainty becomes high for the data at the lower E/N salue,.
voltage waveforms changed (see example in Fig. I of Ref. 8, When the abundance of an attaching eas was sufficiently
curves b and C). A comparison of the waveforms gives the high. the attachment rate was saturated at the lowver E/N
attachment rate constant k., which is the electron attach- values, indicating that the mean electron ercrgy bccame
ment rate normalized by the partial pressure of the attacher. thermal. Due to uncertainties inherent n the extrapolation
In order to check whether or not the electron-energy distri-
bution function (EEDF) is affected by the added attaching
gas. measurements were performed at several partial pres-
sures.

For gases with high attachment rate constants, small 44

concentrations were used; therefore, the attaching gas did W'o 0.652 Td ,84? Td

not significantly influence the measured rate constants as 1_4
shown in Fig. 1 for the CHCI in N, and Ar. However, for 2, 2

CHCI and C.HCI the attachment rate constants are small " -

and the abundance of additional gasses are large; therefore, a 7
pronounced and nonlinear dependence of the measured rate -, 6

constant on the abundances of attaching gas was observed. E 3 6,

As an example, the attachment rate constants of CHCl in I
N, at varied concentrations andE/Nareshownin Fig. 2. In 2. 2'--T 4 02 T

thosecases, themeasurements wereextended toaslowabun- ,, 2 0.172 Td 0.264 Td

dances as possible before performing extrapolation to zero
concentration. The error bounds of the rate constants are i 2 -

estimated to be + 30% at the lowest E/N data in N., while '."
the uncertainty of other data is normally not greater than "
+ 10% for the high E/N data in N 2 and for the data in 0 2 4 0 2 4

argon H ) N2 1 -2)
With the abundances used for the measurements of " C2 H5 CI] I N 2] (10

CHCI and C2 HCI in Ar and even in N,. the influence of FIG. 2. Dependence of atirarchnient rate constant o"C.II,CI on its ahun
attaching gas on EEDF was large. These two molecules are dance in N_
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in Fig. 3 as a function of E/N. The results for CH 3CI and
(a) C2 H3C in N2  C2HC1 obtained in N2 are shown in Fig. 4.

V_ IV. UNFOLDING OF ATTACHMENT CROSS SECTIONS

Electron-energy distribution functions were calculated

4 from the Boltzmann equation using a standard two term
computer code that takes into account the superelastic colli-
sions. 2 The procedure has been described in detail in our

paper on electron attachment to HCI.2' Calculations were

2 Iperformed in pure buffer gases to verify that the compiled
cross sections produce the correct values of transport coeffi-
cients and especially reproduce the values of electron-at-
tachment rate constants. 114 Our measurements did not ex-

ii ,, tend to the E/N region, where errors could be introduced by

_.3 10 the breakdown of the two tert, approximation and/or the
0 U inadequacV of the definition of transport coefficients. "
0 The EEDF values were first calculated for given values

a ft) CCI i Ar ofE /.. As mentioned above, calculated values for the trans-
2, 3,port coefficients and mean electron energies were compared

with the available data. It was assumed that the EEDF cor-
responding to the extrapolated (zero abundance) rate con-
stants was the same as fdr the pure buffer gas. The EEDF

*- values were stored in a separate file which was used by a
program for automatic cross section fitting as proposed by

Christophorou et al.
A trial cross section was used to calculate the attach-

merit rate constant using the stored EEDF [ ff (E/VE) I
calculated for the E/V values used in the experiment. All

.... -..... subsequent modifications of the cross section were obtained
,,1 03 0.5 2 4 as

E/N (Td) ZEw,(E/N)J,(E/Nc)g,(E/V)]'
r,, (e) = ,, (e)j ,(1)

FIG. 3. Electron attachment rate constants of C.-11,CI as a tunction of the ,f, (E/N)g, (E/,V)
reduced field strength (E/y). Measured in (a) N, and (b) Ar. where w, (E/,V) is the ratio of the experimental and calculat-

ed %alues of the attachment rate constant at a given E/N.
g, (E /N) is a statistical weight that might be given to experi-

procedure, relatively large errors were assigned to the mea- mental data at the E/V, and the EEDF is normalized by"

sured rates of CHCI and CHCI. The measurements of Jd
these two molecules -re on the limit ( Fthe present technique. .I] ( /NE)dE 1. (2)

Attachment rate constants for C.HSCI in N, and Ar at The exponent in is used to speed up the convergence.
the extrapolated zero abundance of attaching gas are shown Iteration with in larger than one should be followed by sever-

al iterations with in = I to prevent possible divergence of the
procedure, as mentioned by Christophorou and co-

8-- - workers. ". One should be careful when applying this pro-
) A ecHc cedure to correctly select the energy range. If the range is too

. •1,) A 21s50
q )large, then a small mismatch between experimental and cal-

8r- culated data at either end of the E /N range could lead to the

E I- Lgeneration of artificial cross sections at appropriate ends of
4- 0 0 * A the energy range. If the range is too small, then the cross
, *A section will be deformed in an attempt to compensate for the

C Amissing part. However, this method does not suffer from the
2 difficulties that were encountered by attempts to devise an

0 ."automatic" cross-section fitting routine for pure gases, "

0 ..... because here the EEDF remains invariant. Also, the cross
0 1 2 4 08 08 10 20 sections for the buffer gases are well established, and only

E/N (Td) one cross section is determined from a single set of expert-

FIG. 4. Elect ron-attachment rate constants measured in N, for (a) CI1,CI mental data, thus, the results are unique." There is only one
and (b) C ii,CI as a function of reduced electric field. possible cause for the nonuniqueness of the results (which is
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universal to all swarm techniques), that is, the features of the . . . ..-
cross section (either a sharp peak or minimum) are much.. (a) 

narrower than the EEDF for a corresponding E IN range. If
that is the case, correspondingly reducing the width and in- " C 2 H3 CI

creasing the height does not make a difference in the calcu-
lated attachment rates. V)E 4 ,7

00
The whole procedure for unfolding the cross sections is 7t r t

applicable only when the measured attachment rate coeffi-
cients are properly extrapolated to the values corresponding
to pure buffer gases. This was the case in our experiments. 0
Thus, it is possible to obtain unique values of attachment 1 2

cross sections from the data of gas mixtures. That is, the MEAN ELECTRON ENERGY (eV)

mixture technique is suitable for the determination of at- -- 1
tachment cross sections. The unfolded cross sections for E (b)
CHCI, CHCI, C,H Ci, SOCI,, and CCIF. are presented '
below.

V. DISCUSSION

A. C2k 3CI 0.1[

Electron attachment to C,H 3CI is dissociative, and the °

channel at the lowest energy is 0 0
2 3

CH3CI + e-CH, + Cl- (3) ELECTRON ENERGY (eV)

with a threshold at approximately 0.36 eV. This value is
determined from the dissociation energy of 4.03 eV [as cal- FIG. 5. (a) Electron-attachment rate constant of C-- Cl as a function of

culated from the heats of formation for C.H,CI, C,H,, and mean electron energy. Present experimental results are shown as solid cir-
cles, and the data of Rossi. Helm and Lorents (Ref. I 51 as trtangles. The

C1 (5.0,69 + 2, and 28.992 kcal/mol).4o] and the electron solid line shows the best fit with the cross section shoan in (b), and the
affinity of Cl that is 3.67 eV.4' dashed line shows the values calculated using thecross section measured by

Figure 5(a) shows the attachment rate constants for Chantry and Chen (Ref. 16). (b) Cross section for dissociative electron
attachment to C, HCI as a function of electron energ) unfolded from thethis molecule plotted as a function of mean electron energy. data in (a). The data of Chantry and Chen are plotted as the dashed line.

Also shown are the values calculated using the cross section

of Chantry and Chen " as well as the values calculated from
the cross section which is unfolded from the experimental
data using the procedure described above. The data of Rossi is - 0.03 eV. This threshold is determined from the electron
et a/." are also shown in Fig. 5(a). Their data were mea- affinity of Cl and the dissociation energy of D(CH,-
sured in He buffer gas, and therefore the EEDF is different Cl) = 3.637 eV as calculated from the heats of formation4"
fcom that in Ar or N,. Nevertheless, the data agree reasona- of CH,CI, CH , and Cl ( -83.68, 145.687, and 121.302
bly well. kJ/mol).

The unfolded cross section is shown in Fig. 5(b), in The maximum attachment rate constant of CH,CI oc-
which the data of Chantry and Chen" are also shown for curs at the mean electron energy of 0. 17 eV as shown in Fig.
comparison. The present peak value is smaller by about 20% 6(a). As in the case of C:HCI where the present peak ener-
than the values of Chantry and Chen" and Strickett et al." gy is higher than those of the beam experiments, the unfold-
The half-width of the current-cross section curve is 0.69 eV, ed peak energy for CH,CI may be on the high energy side.
which is largerthan the valueof0.59eV measured by various Nevertheless, the peak at nonzero energy is true. The elec-
electron beam experiments." 4 "'" The energy of the present tron-attachment rate constant decreases when an abundance
unfolded peak ( 1.48 eV) is higher than the values measured ofCHCI is added to N_. This indicates that the attachment
by the beam experiments that are in the range of 1.2-1.35 rate constant at thermal electron energy is smaller than the
eV. 16424 In spite of these differences, the agreement peak. The observed peak energy is much smaller than the
between the current swarm and the beam experiments is re- potential barrier of 0.6 eV determined from the potential
garded as reasonably good. These measurements were taken curves given by Wentworth et al.47 The attachment rate con-
under different experimental conditions, but the differences stant is in the order of 10- "' cm/s which corresponds to a
are within experimental uncertainties, cross section smaller than 10 - " cm- as shown in Fig. 6(b).

Our data are in the same order of magnitude as the data of

B. CH3 CI Chu et al." However, the energy dependence of our data is
not consistent in shape with the results calculated from the

Low-energy electrons can induce dissociative attach- cross sections measured by Chu etal. and the predictions of
ment to CH1 CI. The energy threshold for the process Schultes et al. 3 Both groups obtained maximum at zero en-

CHCI + e-CH, + Cl - (4) ergy, but the magnitude is different by I order of magnitude.
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FIG. 7. Same a., Fig. 6. but for C.H,5 CI.
FIG. 6 (a) Electron-attachment rate constant ofCH,CI, ,, as a function

of mean electron energy. Experimental data are shown as solid circles, and
the best fit with the unfolded cross section in (b) is shown as the line. (b)
Unfolded cross section for electron attachment to CliCI as a function of
electron energy.

is 0. 12 eV. This value is obtained from the electron affinity of
Cl and the dissociation energy of D(C, Hs-Cl) = 3.789 eV

On the othcr hand, the upper limit for the electron-attach- as calculated from the heats of formation' ofC,HCI, CH 5 ,

mcnt rate constant at thermal electron energy was deter- and Cl ( - 136.52, 107.5, and 121.302 kJ/mol).
nincd" ' to b i.,) . 10 " cm /. The. low attachment rate Schultes C, al." reported that C,HCI has an almost

ctstants ire close to the limit., that can be obc,,rvcd bv all idctical zero energy peak as that of CH,C. This is different

te,.ht"tquc,; thus, it is difficult to measure them accurately. from the present data that the attachment peak occurs at
The zero energy peak and its varied magnitude in differ- about 0. 12 eV as shovn in Fig. 7(a). Although our data are

ent measurements can be explained by the presence of a Subject to large errors due to extrapolation, the observed
small amount cfCCI, which is likely an impurity in CH,Cl. energy peak is consistent with the thermochemical thresh-

CCI, has a peak at zero energy with a cross section almost 6 old. The dependence of the attachment rate constant on the
order of magnitude larger than the observed peaks in CH ,C. abundance of C 1iCl (Fig. 2) indicates that the rate con-

We analyzed the CH, CI sample. and no trace of CCI was stant decreases rapidly towards the thermal energy. The up-

found. The sensitivity for checking trace impurity was better per limit for the electron-attachment rate constant at ther-

than one part in 10'. mal electron energy was determined49 to be 1.6x 10 i"

The energy band width for the electron-attachment cm'/s. The electron attachment rate constants shown in Fig.
cross section of CHCI is smaller than 0.1 eV as shown in 7(a) are unfolded to cross sections as shown in Fig 7(b).
Fig. 6(b). This may indicate that the repulsive potential Christophorou et al." have measured the electron-at-
curve leading to the CH, + Cl- products is quite flat in the fachment rate constants of CHsCl diluted in C,H, and N,.
Franck-Condon region. The residence time of CHLCI- in Their results in nitrogen are in the same order of magnitude
the potential well of CHC! may be sufficiently long so that as our data. but the E /N dependence is different. Neverthe-
CH,C1 - is autoionized to CH ,C1. This explains' " the present less, they observed a narrow resonance peak at 0.4 eV in their
observation that the electron-attachment cross section is electron beam data which is consistent with our observation
quite small. of a resonance peak at low energy. A more efficient channel

for dissociative attachment is expected at energies higher

C. CHCI than 7 and 10 eV." t

A mass analysis was carried out to check whether or not
thve ethro chemiclenergy eshd four gas sample was contaminated by impurities. No trace of

tive electron attachment process CCI, was found. All the ions detected were from the parent

C,HCI + e-C,H, + Cl (5) molecule or its fragments.
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D. SOCI2
__ "soc2 (a) The dissociative electron-attachment processes were

to discussed in Ref. 8. The thermochemical threshold for the
E 0o process

9 SOCI, + e-SOCI + CI- (6)

10 is - 0.8 eV. Several dissociative attachment channels occur
- .*, •at the higher energies.' The electron-attachment rate con-

Sr-, stants measured in nitrogen and argon indicate that there are
, two major processes below 5 eV, one starting at zero energy

and the other starting at about 2 eV with a peak at 5 eV. The
attachment rate constants and the unfolded cross section are

0 I I shown in Figs. 8(a) and 8(b), respectively.

0 2 4 6 The shape of the unfolded cross section is consistent

MEAN ELECTRON ENERGY (eV) with the thermochemical data. It is likely that Cl is the
major ion for the dissociative attachment processes that lead

_ IK Ito both peaks.' A possibility that other ions (or excited chlo-
C4 E 6 (b) rine ions) may be present is indicated in the photodetach-
Eo ment experiment." There are no published data for com-

parison with the unfolded electron-attachment cross section.

S 4 - E. CCl2F2
Z Possible dissociative electron-attachment processes for0

CCI,F. were discussed (and the sources of thermochemicalIU 2 data given) in Ref. 9. The threshold for the process

c CC1,F, + e-CCIF, + Cl
0 L

C0 is - 0.17 eV.
0 -. - The electron attachment rate constants of CC12 F 2 as a

o 00 2 4 6 8 function of mean electron energy measured by Wang and

ELECTRON ENERGY (eV) Lee9 and McCorkle et al.'7 are shown in Fig. 9. Both data are
in good agreement in the overlap electron energy range.

FIG. 8. Same as Fig. 6. but for SOCI.. The k,, values are from Ref. S. Even around the mean electron energy of 0.2 eV, the results

are within the combined error bounds. Therefore, it is as-
sumed that the cross section of McCorkle et al."' would fit
our data to within the acceptable error bounds in the overlap

C C12 F2  range. When initiated either from a constant cross section or
4.0K -from an arbitrary cross section with an energy dependence

S...similar to that of the attachment rate constant, or from the

cross section of Pejcev et al.,"5 the achieved final forms are
7. -,. the shapes shown in Fig. 10. Starting from the cross section

of McCorkle et al.,'7 an improved fit is obtained after several
01. iterations while preserving the shape of three peaks. How-
2 oo.8 ever, after a large number of iterations, the second peak as
01 0,shown in the results of McCorkle et al.," is diminishing.

0.4 -Both cross sections of the two and three peaks fit the elec-
tron-attachment rate constants within the experimental un-

0.2 certainties. Since there is no clear indication of three pro-
cesses in the 0-2 eV range, we have selected the cross section

o o.1 o. . given in Fig. 10 as the best fit to our data. The electron beam
0.2 0.4 0.6 1 2 4 6 of Pejcev et al. " had a resolution of 0.2 eV, the first narrow

MEAN ELECTRON ENERGY (eV) minimum in the cross section was thus not resolved. There-

FIG. 9. Electron-attachment rate constant of CCIF. as a function of mean fore. our unfolded cross section is roughly consistent with
electron energy. Experimental data from Ref. 9 are shown as solid circles their results in shape, but not in magnitude. These authors"
and from Ref. 17 as triangles. Solid line (-) is the best fit curveof the data have quoted the unpublished results of Chen and Chantry
of Wang and Lee (Ref. 9) based on the cross section shown in Fig 10: the who have managed to resolve the cross section below I eV
dotted-dashed line ( . ) is thecros section of McConkle etal. (Ref. 12): and have observed two maxima in agreement with the shape
dotted-dashed line (- -) is the cross section of Pejcev, Kurepa and Cadez
(Ref. 18), and the dotted line ( " -) is the cross section of lllenberger er al. of our cross section.
(Ref. 19) as normalized by Novak and Frichette (Ref. 20). Our results disagree with the data of Illenberger ei al."
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It is possible to adjust the peak cross section to the same
absolute value measured by Pejcev et al., but, if that were

CCI2F2  the case the cross section for the high energy portion would

"- be significantly extended. Therefore, the unfolded electron-
attachment cross section at energies above 1.5 eV should be

Sconfirmed by additional information such as data from pure
0.5 gas and other mixtures as well as new results from beam

C/4 experiments. It should be noted that the shape of the unfold-
ed cross section at high-energy does not affect that at low
energy (and vice versa). Since this molecule has important
applications in atmospheric chemistry, gaseous dielectrics,

z and plasma etching, it is ofinterest to have more reliable data0o 0.1
for transport coefficients (drift velocities and characteristics

(n energies) in pure gas. because, quite often. CCI. F. is used
05 - ,0 pure or in mixtures of abundances that cannot be regarded as

o - / fm all.

L VI. CONCLUDING REMARKS

The electron-attachment rate constants of CHCI,K, CH 5 CI, and CHCI were measured as a function of mean
0.0 1 electron energy. The cross sections were unfolded from the

experimental data of these gases together with CCI,F 2 and
02 I I , SOCI, Our data are consistent with some published results

0.2 0.4 1 2 4 6 for gases that have relatively large attachment rates. Some

ELECTRON ENERGY (eV) controversy, such as the large discrepancy for the published
attachment cross sections of CCI,F, at low electron energies,

tI(i 1(. Cross -ction. for electron attachment to CCI.F .,ia function of may be resolved by the present data. The cross sections for
ec ctrol ennerg.*. The hb,,t fit to thecdata of Ref. 90 is sho%%rn as, th s~ olid cur',

Other ctm~cs f hlloi t the notation of Fig 9u SOCI are new results. The C.H 3 C1 results are in good agree-
ment with available swarm data as well as electron beam
data. The CHACI and C,H5 CI results were obtained at the
technique limits so that the uncertainties were high; but

(and normalized by Novak and Frechette"') who reported since fragmentary data only are available, the current data
cry low values of cross section at low energy as shown in Fig are of interest. These molecules should be studied further,

10. The measured electron-attachment rate constants at the especially by beam techniques.
lowest E/N (mean electron energy of0. 11 eV) is compara-
hle to the thermal attachment rate measured b Smith ei ACKNOWLEDGMENTS
al..z for -,hich the observed large increase of the attachment
taic with temperature is probably caused by the increased
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Appendix G

LOW ENERGY ELECTRON ATTACHMENT TO BC1 3
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Abstract

The rate constants of low-energy-electron attachment to BCl 3 diluted in

N2 are measured as a function of E/N at 1-11 Td, corresponding to mean

electron energies at 0.4-1.0 eV. The negative ions produced by hollow-

cathode discharges of either pure BCl 3 or mixtures of BCl 3 in N2 are mass-

analyzed to identify the products of electron attachment to BC . Only Cl

ion is found in the discharge media, although BCI 3 is observed at the

applied voltage significantly lower than the breakdown voltage. The elec-

tron attachment processes of BCI 3 are discussed.
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I. Introduction

Electron attachment to electronegative gases determines the electron

kinetics in gas discharges: by reducing the number and changing the energy

1distribution function of electrons that sustain discharges , by affecting

the spatial distribution of electric field and inducing double layers under

certain conditions2', and by being a major source of radicals through

dissociative attachment. BCI3 is a gas of great importance for plasma

technologies in microelectronics fabrication, especially for etching of

4,5
aluminum. 4 Therefore, kinetics in discharges of BCl 3 and its mixtures

2,6-8
were studied extensively 2

' . However, apart from some indirect evidence,

the identity of negative ions in BCI 3 discharges were not established. The

swarm or beam data for electron attachment to BCl 3 are only fragmentary.

9
Stockdale et al. measured the thermal electron attachment rate constants of

2.7 x 10.9 cm 3/s by a drift-dwell-drift technique, and observed the excita-

tion function of dissociative electron attachment by a beam experiment that

shows a peak at 1.1 eV. On the other hand, Buchel'nikovaI 0 measured the

cross section for the same process with an absolute peak value of 2.8 x

10"1 7 cm2 at 0.4 eV. The magnitude of the electron attachment rate could be

indirectly estimated from the modeling of the discharge data of Ar-BCl 3

mixtures 7 .

It is evident that the availability of the data for BCI 3 is inversely

proportional to its importance. The reason for the lack of data is that

BUI3 is highly reactive and consequently difficult to handle for accurate

measurements. In this paper, we present the electron attachment rate

constants for BUI3 diluted in N2. We also present the results for mass

spectrometric studies of discharges of BCl 3 in N The negative ions
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observed in discharge media provide useful information for the understanding

of electron attachment processes of BCl 3 .

II. Experimental

An apparatus previously used in our laboratory for e -: roi.dttachment

11. . ..

rate measurements was significantly modified for this experiment. The

modified apparatus shown in Fig. 1, is a stainless steel -hawber with three

sections: the first section (5" OD) that is pumped by a mechanical pump is

for discharge, the second section (6" OD) that is pumped by a diffusion pump

(Varian, VHS-6) is for differential pumping, and the third section (4" OD),

pumped by a turbomolecular pump (Varian Turbo V-450), is for the housing of

a quadrupole mass analyzer (Extrel).

The apparatus operated in two modes. In mode one, the first and the

second chambers were isolated, and the discharge chamber was filled to a

relatively high pressure (100-400 Torr). This experiment is similar to the

11
one described in our previous papers . An excimer laser (Lumonics) was

used to produce pulsed electron swarms by irradiation of the cathode.

Conduction current induced by electrons moving between electrodes was

measured by the voltage drop across a resistor of I M. The transient

voltage waveforms were recorded by a digital oscilloscope (Tektronix 2430)

and stored in a computer. In mode two, the first and second chambers were

connected through a skimmer hole of 0.7 mm ID. In order to keep the pres-

sure in the mass analyzer chamber sufficiently low (< 10- Torr), the

discharge chamber could only be filled to I Torr. The self-sustained DC

discharge was formed between two hollow electrodes of I cm OD. (Parallel

plate geometry was also used for some test measurements.) The space between

the two electrodes was adjustable. Both positive and negative ions produced

in discharges were sampled and mass analyzed.
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For the measurement of electron attachment rates, gas mixtures of BCI 3

in N2 were prepared in a separate stainless steel container. The container

was filled first with BCl 3 , and after the container walls were saturated it

was then filled with the buffer gas N The volume of the connection tubing

was considerably smaller than the volume of the mixing container. The

initial pressure of the gas mixture was 1500 Torr, and a time of 20 hours

was allowed for the mixing. (Mixtures were mixed in periods between 16 and

64 hours and no differences were observed.) Commercial gas mixtures were

not used, because the manufacturers refused to guarantee the composition of

their mixtures.

Measurements were carried out in a flow system of 540 sccm for 200

Torr. At the beginning of the experiment, the pure buffer gas was allowed

to flow, and the voltage waveforms induced by laser irradiation of the

cathode were recorded (see Ref. 11 for the more detailed description of the

experimental procedure). The BCI 3 in N2 mixture was then added to the flow.

Typically, 2-15 sccm of mixture was added that was measured and controlled

by a MKS flow controller. Sufficient time was normally allowed to saturate

the walls of the tubing and the chamber before the measurements commenced.

Following this procedure, mixtures could be made with the abundance of BCI 3

between 0.1% and 0.5%. The experimental results were reproducible if this

procedure was followed carefully. The reproducibility of the BC13 gas

density was the major source of uncertainty. For the mass analysis of the

negative ions, both pure BCI 3 and gas mixtures of about 0.5% BCI 3 in N2 were

used for discharges. The ion density was measured as a function of dis-

charge current and gas pressure.

The BC1 3 gas was supplied by Matheson with a stated purity of 99.9%

minimum. The gas sample was analyzed by the mass spectrometer in this
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experiment. Trace amounts of Cl2 and BFCI 2 were observed in the mass

spectrum, but the total impurity concentration was estimated to be smaller

than 0.1%.

III. Results and Discussion

A. Electron Attachment Rate Constants

At each E/N, the electron attachment rate constants were measured at

several BCI 3 concentrations for the gas mixtures of BC 3 in N The data

extrapolated to the zero BCI 3 abundance are shown in Fig. 2 for the E/N in

the range of 1-11 Td (i Td - 10"17 V cm 2), corresponding to mean electron

energy in the 0.4-1 eV range. Measurements at E/N lower than I Td were

difficult because of low signals and the need to use more diluted mixtures

which caused poor reproducibility. Nevertheless, it is evident that the

trend of increase towards low E/N does not continue below the data points

presented in Fig. 2. The experimental uncertainty was estimated to be

within 30% of the given value. The uncertainty contains: (1) geometric

distribution, E/N determination and pressure measurement, < 2%, (2) waveform

determination, < 1%, (3) statistical fluctuations of the measured rates, <

5-7%, extrapolation to zero abundance, < 5-10%, and (4) uncertainty in gas

mixture composition, < 10%. We have set the overall uncertainty to be

higher than the estimated value, because of the difficulty inherent in

handling the BCI 3 gas.

The strong dependence of the attachment rate constant on E/N suggests

that the attachment be a three-body process with a peak at low energy. As

determined by thermochemical data 12 and the electron affinity 1 3 of Cl, the

threshold for the dissociative attachment process of e + BC1 - BC1 2 + Cl

is about 1.0 eV. This threshold is above the electron energy range studied

in this experiment. Therefore, BCI 3  is the only ion possibly produced at
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low energy electron attachment. (BCI3 was in fact observed in the low

pressure experiment described in the next section). This result is consis-

tent with the conclusion of Gottscho and co-worker6 who attribute BC 3 as

the dominant negative ions observed in the RF discharge of pure BCI 3.

Nevertheless, our measured attachment rate constants are not significantly

dependent on gas pressures in 100-400 Torr; that is, the attachment is

like a two-body process. Our observation is, in fact, consistent with the

earlier observation9 that the thermal electron attachment rate constant was

not dependent on the gas pressures at 5-15 Torr. The negative ions in these

measurements was not mass-analyzed, because the gas pressures were very

high.

We have also performed measurements for the BCI -Ar mixtures. Unfor-
3

tunately, the results were not as reproducible as the data for N2 . The

basic difficulty was that the extrapolation to zero BCl 3 abundances could

not be easily performed because the measurements could not be extended to

sufficiently low abundances, because the influence of the attaching gas on

the electron drift velocity in Ar was large in the most interesting range.

However, the crude experimental results indicate that the attachment rate

constants increase in the mean electron energy range of 1.5-2.5 eV.

The electron attachment rate constants converted from the cross sec-

tions of Buchel'nikova I0 are shown in Fig. 2 for comparison. The calcula-

11tion method was described in a previous paper by Petrovic et al. . Our

results agree with the calculated values in the order of magnitude, but the

E/N dependence is different. The agreement is only accidental because the

attachment mechanism is quite different; that is, these results cannot be

regarded as in agreement. However, our measurements at low E/N agrees with
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the thermal electron attachment rate constant measured by Stockdale et al. 9

as shown in Fig. 2.

The measured attachment rate constants are too large to be affected by

the possible impurities, such as Cl2. The impurity level of Cl2 was deter-

mined to be less than 0.1% that will contribute to the electron attachment

rate constant at most 2 x 10- 12 cm 3/s, in considering that the maximum rate

constant of Cl2 is only 2 x 10 cm /s at 0.06 eV14. The other possible

impurity, BFCI may have electron attachment rate constant similar to BCl 3

so that the small impurity level does not cause significant effect. Some

molecules such as SF6 and CC 4 could cause similar attachment coefficient if

they present on 1% level. We have carefully scanned the mass spectrum up to

the mass number of 190, but such impurities were not detected.

B. Negative Ions in Discharges of BCl 3

The negative ions produced by discharges were observed for the product

analysis of electron attachment to BC 3 ' Initial studies of negative ions

presented in discharges were carried out in a parallel plane geometry with

either pure BC 3 or its mixture withN 2  Later, most measurements were

33
performed with hollow-cathode discharges using diluted mixtures (0.5% BC13

in N2). In all cases, only Cl ions were found as shown in Fig. 3(a). In

DC discharges, the mean electron energy may be too high to enable the

production of BCl 3 , in contrast to the bulk of RF plasmas 1 5 where thermal

energy electrons exist for the production 6 of BCl 3  When the applied

voltage was lowered below breakdown voltage (for instance, 120 V) and

photoelectrons were produced by irradiation of the cathode with ArF laser

photons, BCl 3 ions were observed in the gas mixture of trace BCI 3 in 0.66

torr N This observation indicates that BCI 3 can be produced by attach-

ment of low energy electrons to BCl 3 and survive for sufficiently long time
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such that it can be detected either by our mass analyzer or to affect the

current waveform. One should, however, keep in mind that for such condi-

tions BCI3 signal would be very small (as observed by us that is about 10%

of Cl), because the mean electron energy is so high that it favors the

dissociative attachment.

The Cl ion intensity was measured as a function of the discharge

current and the pressure. The ion intensity has a peak between 2 and 3 mA

of discharge current as shown in Fig. 3(b), where the electrode space was

fixed at 2 cm, the gas pressure was 0.6 Torr, and the discharge current was

varied by adjusting the applied voltage (784 V at the maximum Cl inten-

sity). For a fixed discharge current of 2 mA, the ion intensity had a

rather sharp maximum at 400 mTorr as shown in Fig. 3(c), where the electron

space was 2 cm, and the applied voltage was 784 V.

The observed Cl ions are produced by the electron dissociative attach-

ment process that has a sharp peak at the energy of about I eV as observed

9
by Stockdale et al. . This basic result implies that in our measurements,

the mean electron energies are varied along with the changes of discharge

current and gas pressure, and the maximum Cl ion intensity corresponds to

the mean electron energy in a discharge medium of about 1 eV. The phenomena

could be described by the electron energy distribution function which is,

however, quite complicated for the hollow-cathode discharges. In general,

there are two groups of electrons1 6 in a discharge medium: one group con-

sists of the initial electrons that are accelerated in inhomogeneous but

17very high electric field and practically have a beam-like behavior . and

the second group consists of inelastically scattered and secondary electrons

which have low energies. Relative magnitudes of the two groups are strongly

16,18-20
dependent on the discharge conditions. Monte Carlo simulations
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indicate that at these pressures the initial electrons are the dominant

group. A sharp peak in the pressure dependence probably indicates the shape

of the dissociative cross section, although the correspondence between the

mean electron energy and the E/N value (or the available energy for run-away

electrons) in the discharge could be very nonlinear. Current dependence of

the ion intensity is less sharp; but since the current-voltage dependence is

not linear, it is not inconsistent with the proposed picture. However, the

low ion signals at high currents may also be possibly due to the influence

of space charge force among electrons, negative and positive ions in the

bulk of discharge.

In order to establish that negative ions are originated from the

discharge, but not by electron impact on BCI 3 in the transition region to

the mass analyzer, we have performed the following experiment 2 1 . Excimer

laser light was used to irradiate the region between the electrodes. As a

consequence, negative ion signal was significantly reduced. The delay

between the laser light pulse and the reduction of the negative ion signal

was of the order of tens of microseconds. The effect depends on the laser

beam position between the electrodes. The detailed results will be present-

ed in a later publication. The decrease of negative ions following laser

irradiation demonstrates that the observed negative ions were produced in

the discharge media, but not in the transition region, because the ion

signal did not increase by the laser photoelectrons.

IV. Concluding Remarks

The electron attachment rate constants increase toward the low E/N,

indicating that the attachment is due to a three-body process. This is

consistent with the observations of photodetachment thresholds that BCI3 is

6
the dominant negative ion in RF discharges . However, the measured attach-
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ment rate constant is not significantly dependent on the buffer gas pres-

sure, suggesting that the attachment is apparently like a two-body process.

This observation is in agreement with a previous observation 9 that the

thermal electron attachment rate constant is not dependent on total gas

pressure. At high pressures, it is possible that the mean time between

collisions is sufficiently shorter than the autodetachment time, thus

practically every excited negative ion is stabilized in the first step of

attachment. At much lower pressures this might not be the case, and even

more so in the low pressure region of the mass analyzer; for these cases,

the BCI ions could be lost due to autodetachment. However, the BCI - ion

was observed by attachment of low energy electrons to BCI 3, although the

BCI 3 signal was much smaller than Cl-

It is worth noting that Stockdale and co-workers9 observed a peak

attachment for the two-body process of e + BC1 3 + BC1 2 + Cl at 1.1 eV,

while at the same time they observed a relatively high thermal electron

attachment rate constant. This observation is consistent with the assertion

that the electron attachment is due to the three-body process at low energy,

and Cl is produced by the two-body process at high electron energy. Our

results are also consistent with this assertion that the electron attachment

rate constants shown in Fig. 2 are mainly due to the three-body process, and

the Cl ions observed in discharges are due to the two-body process.

The unpublished results of Dr. J. K. Olthoff 2 2 confirm the existence of

BU1 ions. This author has also observed that attachment for BC1 3 mole-

cules peaks close to zero energy (both in the intensity of negative ion

current and through the broadening of the zero energy peak of the electron

transmission spectrum 23). The level of impurities in his experiment is

uncertain. From some theoretical considerations and the characteristics of
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his apparatus, the lifetime of the metastable BCI 3  ion was estimated to be

60 As which is consistent with our data.
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Figure Captions

Fig. 1. Schematic diagram of the experimental apparatus.

Fig. 2. Electron attachment rate constants of BCI 3 in N2 as a function of

E/N. Present data are shown as dots and are connected by lines

for eye-guide. The results calculated from the cross section of

Buchel'nikova (Ref. 10) are shown as triangles, and the thermal

electron attachment rate constant of Stockdale et al. (Ref. 9) is

shown as a rectangle.

Fig. 3. Cl ions observed in hollow-cathode DC discharges. (a) Mass

spectrum of negative ions present in the discharges of gas mix-

tures of 0.5% BCI3 in N 2  (b) Dependence of the C1 ion intensity

on the discharge current at a total pressure of 585 mTorr. (c)

Dependence of the Cl ion intensity on the total gas pressure at a

discharge current of 2 mA.
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